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ABSTRACT

Recently, bildings have beerreceiMng more serious attentiorio help redu@ global
energy consumption. At the same time, thermal conhifssbecome an increasirggpncen

for building occupants. Phase Change Materials (PCMsichare capable of storing and
releasing significant amounts of energy by melting and solidifying at a given tempegrature
are perceivedas a promising opportunity foimproving the thermal performace of
buildings. Ths is because #y usetheir thermophysical propertiesdlatent heatvhile
transformingstae (or phaseps a feature for thermal energy storage systemedoe
overall energy demand, specifically during peaks hours, as wéll imsprove thermal
comfort in buildings. This research aims to provide an overview of opportunities and
challenges for the utilization of PGNh the Architecture, Engineeringand Construction
(AEC) sector, a broader understanding of specifically promisimgni@ogies, anca
clarification of the effectiveness of different applications in building enclosures désign
especially in exterior walls. The research diseaeew PCMs can bacorporatée within
building enclosurs effectively to enhance building perfoance and improve thermal
comfort while reducing heating and cooling energy consumption in buildings. The major
objectives of the research include studying the properties of PCMs and their potential
impact on building constructionglarifying PCMs selectin criteria for building
application, identifying the effectiveness of utilizing PCMs on saving energy, and
evaluating the contribution of utilizing PCMs in building enclosurethermal comfort.

The research usan exploratory quantitative approach tbantains three maistages1)

a systematic literature review, 2) laboratory experiments, and 3) validation to meet the goal
of the research. Finallypy extrapolaing results the research esdwith a practical
assessment of application opportunities aod to effectively utilize PCMs in exterior

walls of buildings.
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GENERAL AUDIENCE ABSTRACT

With the growing concern of energy savings and selecting the most efficient way to provide
t her mal comfort for Dbui |l donstrugtedoith anefeectiee, buil d
utilization methodof materials and systemsh&se Change Materials (PCMs) hatie t
ability to moderate temperatures within a specific raigey can be applied t@eduethe
energyusedin buildings and improve thermal comfort.This is because #y ébsorbheat

when materials meland eleaseit when materials solidifyThis researchstudes the
properties of PCMs and their potential impact on building constructionlantiesPCM
selection criteria for building applicatienAlso, the research illustratdbe impacts of
utilizing PCMsin different positios within anexternal walbn energy savings and thermal
comfort. The research uses an exploratory quantitative approach that contains three main
stages: 1) a systematic literature review, 2) laboratory experiments, and 3) validation to
meet the goal of the research. Finally, theeagsh ends with a practical assessment of

application opportunities and hdweffectively utilize PCMs in exterior walls of buildings.
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1 INTRODUCTION

1.1 OVERVIEW

In historical buildings, structuralstability and durability were thenain characteristic of well

design buildingenclosurs. Yet, onstruction practicehave continuel to change as new
equipment is developed, new materials are innovated, and housing requirements lchtege.
present daythe desigrand construction of buildingnclosurs mustintegrateother characteristic

that contribute to high performaneeich as thermal insulation, heating and cooling load reduction
andthe amount of energy consumptioBuildings are designed to create anased space from

the surrounding environment and provitiee desired interior environmental conditions for
occupants. The essential role of any building isneetu s er s6 needs and to pr
from severe weatheindividual needs vary from persda person and from area to area. This
means the requirements in building components in one geographic area do not have to be the same
as another area. Therefore, the properties of buildings are different based ondaecatioastbe

designed with conseatations for climatic conditions that keep the inside spaces cool in summer
and warm in winterPhase Change MateriaBEMs9 could provide thermal protection due to their

high thermal characteristitbat protect indoor environments against heat and cold.

The difference between interior and exterior temperaturgesummer and winter cglire high
energy consumptiorAccording to the International Energy Agency (IEA), in most countries the
average energy consumed by buildings represents 32% -ofclaive worldwide energy
consumption and with approximately 40% of the primary energy consumiptiomost IEA
countries(IEA 2015) The building sector accounts fornaevenlarge portion of total energy
consumption in the United Stat@drge-Vorsatz et al. @15). IEA (2010) mentions that space
heating and cooling consumes-83% of the total energy use in residential and commercial
buildings Energy usage can bdramatically reduced by improving the efficiency of building
enclosuresystems and incorporatindnérmal storage materials into the buildiegclosure
(Zwanzig et al. 2013)Building enclosuresaffect the way buildings absorb and radiate heat
(Baldwin et al. 2015)Efficient equipment and proper building materimsconjunction withthe
whole buildingdesignare considered essential for most building construction in ordewpt@ve
thermalperformance of the building&raham 2016; Raish 2008)



Building materials with lgh thermal capacitganimprove indoor temperature by 3545% in
comparison tautdoortemperaturéevenwhen the building is shadexhdunventilated (Givoni

1994) In some practices, improving the thermal performaseehieved by using thermal mass.

For example, in hot arid climates, thermal mass as part of the structural sygenhi@ugh
masonry or concrete materials) can be successfully utilized to absorb thermal energy temporar
during the day and release this energy again thimuigthe night without transmitting the full
amount into the interior spa¢Meir and Roaf 2002)Also, thermal mass is an essential strategy
for indoor climate control irsomeclimatesas it can also provide raappropriate solutioror
protection fromintensiveweather However, this may not be practical in cases where different
aspects such as wadhickness or weight limitations are of concern, as is the case feit®ff
construction technologies, and where alternative options for thermal storage can be considered.
Therefore, a weldesigned building enclosure can play an importantiroteducirg the energy

used to provide thermal comfort for building occupants by improving the thermal performance of

the enclosure.

Currently, here isaninternationafocus onthe conservatiorof energyandof natural resources as
building materials.As a respose, here are three main useful ways to store thermal energy:
sensible heat, latent heahd heat of a reversible thermochemical readBsausseau and Lacroix
1996) For example, imber framed wall systems provide a ligheight solution for offsite
construction but typically lack thermal storage capacityese systemsequire adding @rticular
building materials to improvéheir thermal performancelhe most commonly used practice for
this kind of improvement is adding more insulation to increaseothéthermal resistancCMs
with latent heat storagend capability oktoling and releaimg a large amount of enerdyy using
asmall amount of thermal magSharma et al. 2004puld be used as a confluerarea for thermal
mass and lightweight building materialsto improve the thermal performancef building
enclosurs. This dissertation exploresvariation ofpositioningPCMswithin building enclosures
and stuiks the effects of PCM quantities as well as the thickness of insulatiomermal

performance



1.2 SIGNIFICANCE OF STUuDY

Researching in building materials and the future of their utilization are important for a wide range
of researchers and building construction professionslisst wiversities and corporations
highlight and support researctatican improve the constructiomethodand reduce high energy
uses in buildings.This research provide alternative approachefor architects, engineers,
contractos,and manufacturers of building materis¢gardingthe utilization of PCMsin building
corstruction Primarily, the research focuse@n the differencesbetween PCM utilization imn
interior versus arexterior position withira building enclosureemphasizingts impactonthermal
performanceThe research introduces antry pointto assess P2 utilizationwith different layers

and different thickness of insulation for hot and cold climated it includes proposed selection

criteria for building applications.

1.3 DISSERTATION STRUCTURE

Figure (L) presents the generstructure of this dissertation.

Chapter (1): Introduction

Chapter (2): Literature Review

Chapter (3): Research Approach and Methodology

Chapter (4): Research Design and Overview

Chapter (5): Laboratory Experiments

Chapter (6): Results and Discussion

Chapter (7): Conclusion

Figure (1) Dissertation general structure



2 LITERATURE REVIEW

2.1 PHASE CHANG MATERIALS (PCMS) IN GENERAL

PCMs play a major role as thermal energy storage in different successful applicai@ngs
transport and storage containarethes forthe human bodyandpackaging for medical and food
supplies and electronic equipment. Thermal energy storage allows heat and cold to be stored and
used later under two methods: physical methods and chemical metkcodsding to David et al.
(2011, A The principle of the PCM use is simple.
changes phase from solid to liquid. The reaction being endothermic, the PCM absorbs heat.
Similarly, when the temperature decreases, the material changes phasguidnolsolid. The

reaction being exothermic, the PCM desorbs deat( p . PGVis haxe the ability to absorb
thermal energy, which means removing or reducing the need for heating and cooling by using
sensible and latent heat storage as shovigare (2)(Pearson 2010)

Time I I |
Solid Melting Liquid
Sensible -*
-
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’I
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O _phase Change -7
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)] /’/ e :
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SaMelt] | —
o
[«}]
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£
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oy >
Amount of Heat Stored (Thermal Energy)

Figure (2) Temperature profile for changing phases by sensible and latenfdegted
from (ZAE Bayern 2009)



PCMs are used for different applications aad storexand releaeheatby controllingtherequired

temperaturedtigure (3)shows potential applicatisof PCMs Diagram (A) representdifferent

fields for temperature control amiagram (B)for storage and supply of heat or cold with small

tenperature changgMehling and Cabeza 20Q8)long these lines of thinking®CMs could be

usedin building constructionfor temperature regulation, energy conservation, and -joaak

shifting to offpeaktimesfates andcould contribute to thermal comforh ibuildings.
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Figure (3) Potential application of PCMs in different fieldsdapted fronMehling and
Cabeza 2008)

2.2 PCM DEFINITION

PCMs are materialthat take advantage of a fundamental property of natuilee tendency of

materials to absorb heat when they melt (change phase from a solid to a liquid) and to release heat

when they solidify (change phase from a liquid to a solid). PCMs as defined by Tyagi and Buddhi

(2007)are latent heat storage materidlat can be used as a temperaton@derator PCMs are a

substance with a high heat of fusion that are able to store and release a large amount of energy

when they melt or solidify while more or less staying at this certain temperature until the phase

has ompletely change(Haghighat 2013; Sharma et al. 20083 they store and release heat by

using chemical bongdshermal energy transfers occur when the material changes from solid to

liquid or vice versathese processes are called a change in state sg(@lyagi and Buddhi 2007;

Vuceljic 2009)



PCMs can be viewed as a tHayered version of larger mass walls that can be usedpmve
the thermal comfort in the interior environment of buildingiseyare able to cycle continuously
through changes ofatebothwithout losing their attributes afy preventing loss in mass through
evaporatior{(Rohles 2007)Figure (4)demonstrates the concept of P@dapability of absorbing
and releasing heat with repeated melting and freezing ¢yridsexplains thesensible and latent

heat and their effecuringcooling and heatin@Pazrev 2015)

PCM
solidifies &
releases

PCM
liguefies &

>

Energy

Storage Emission

Temperature

Melting Liquid

e >

Figure (4) The concept oPCM%capability of absorbing and releasing heat with

repeated melting and freezing cycléslapted from(Pazrev 2015)

Latent heating systems have a higher energy density and maintainonstant temperature
throughout the charging and discharging gssc Also, cooling and heating have their effects on
PCMs. They change the state of the materials from solid to liquid or liquid to solid, and during this
process the heat is absorbed or reledsgdre (5)shows thesffects thatooling and heatingave
on PCMs(Shim et al. 2001)PCMs could be usedin passive building by providing a thermal
regulation systersincethey do not require electricity or power of any kindrntcrease or decrease
tenperaturs in buildings(Microtek Laboratories 2016Accordingly, cooling and heating could
be provided in remote locations without access to electricity.
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Solid PCM
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Heat is released

Figure (5) Effects of ooling and heating on PCMAdapted fron{Shim et al. 2001)

2.3 PCM PROPERTIES

PCMs haveseveral propertiewith a solid-liquid phase transitiarSharma et al2009) mention

that PCMs have different theramhysical properties, chemical properties, and kinetic properties.

High thermal conductivity, solid and liquid phasesd acceleration mie of charging and

di scharging of ener gy -physical gropertiegshaena et akflso IRIC Ms 6 t
some examples of chemical properties, such as chemical stability and absence of degradation after

a large number of freezing and melting @glNucleation rate, which is beneficial for avoiding

super cooling of the liquid phase, is an example of kinetic propeltigs) (

The core property of PCMs is based on their latent heat storage capability around their melting
points, because large aomis of energy can be stored in a comparatively small volume of PCMs
(Madhumathi and Sundarraja 2013harma et al(2004) list the most common features of the
threeaforementioned propertief PCMs and highlight the ultimateharacteristiceof each one

(described in the following sections



2.3.1 THERMO-PHYSICAL PROPERTIES

2.3.2

2.3.3

Melting temperature in the desd operating temperature range

High latent heat of fusion per unit volume so that the required volume of the container

to store ayiven amount of energy ieds
High specific heat to provide for additionagsificant sensible heat storage

High thermal conductivity of both solid and liquid phases to assist the charging and

discharging benergy of the storage systems

Small volume changes on phase transfdionaand small vapor pressure at operating
temperatures to reduce containiproblens, and

Congruent melting of the phase change material for a constant storage capacity of the
material wth each freezing/melting cycle

CHEMICAL PROPERTIES

Chemical stabity,

Completereversible freeze/melt cygle

No degradation after a lasghumber of freeze/melt cysle
Non-corrosivenes to the construction materials

Nontoxic, nonflammable,and norexplosive materials for safetgnd

Low cost and largscale availabily of the phase change materials is also very

important

KINETIC PROPERTIES
1 High nucleation rate to avoid ger cooling of the liquid phasend

1 High rate of crystal growth, so that the system can meet demands oddwadry from

the storage system



2.4 PCM TYPES

There is a large number of PCMsat can be classified based on different criteria, such as their
melting temperature and latent heat of fusion, the changing of phases, or their source material
(Haghighat 2013)Khudhair and Farig2004a)and Vucejic (2009) clarify the types of PCMs

based on their most common critemehich is their sources and components. The main sources
can be classified into organic compounds, inorganic compounds, and the mixture of two or more

components, creating a kind oftdrid type called eutectic, as showrFigure (6)

{ PCMs
[ Organic [ Inorganic [ Eutectic ]

—>| Paraffin Hydrated Salt 4)[ Organic & Organic ]
—>| Fatty Acids Molten Salt al Organic & Inorganic ]
i | Others \ Metal ) —>[ Inorganic & Inorganic ]

e Others

Figure (6) Types of PCMs according to their sourcédapted from{Khudhair and
Farid 2004a; Vuceljic 2009)

2.5 ADVANTAGES AND DISADVANTAGES OF PCM TYPES

Although orgait and inorganic compounds both have high latent heat, which is the most
significant feature of PCMs, each type also presents distinct advantages and disadvantages.
Organic compound$eaturelow volume changeluring phase changes well as chemical and
thermal stability. On the other hand, organic compoum@sarer, have a rather low thermal

conductivity, and coshorein comparison with inorganic PCM compour{étarland et al. 2010)



Moreover, organic PCMs are typically highly flammal@éhough this ca be alleviated in some

applications by a proper contain®ubey and Mishra 2014)

Conversely, inorganic compounds have a lower performance of thermal insulation than organic
compounds and have rather high thermal conductivity, while at the same tinte rbene
affordable(Harland et al. 20105ome of their main disadvantages are a lack of thermal stability

and change of volume after repeated melting and freezing xdteslal 2008)

Eutectic compounds, the third type of PCMs, are a combination of miorgad organic typesnd
try to capitalize on theadvantagesof the different base materiglswhile minimizing the
disadvantagesThe development of less expensive but highly capable PCMs at a desired
temperature, such as fatty acids, is currently bexpdpeed (Harland et al. 2010)Also, Harland
et al. examined some eutectic products that expresse beneficial functions of PCMs

specifically toimprovethermal comfort and reduce energy aamgtion for cooling or heating

In summary, organic, inorganignd eutectic PCMs each have their own advantages and
disadvantageslable (1) shows a brief overview of the advantages and disadvantages with some

examples of PCMs according to their classification.
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Table (1) Advantages and disadvantages of PCMs. Adapted from (Mantz and W
2015; Mondal 2008; Nath 2012; Sharma et al. 2009)

Types Advantages Disadvantages Examples
9 High latent heat 1 Not affordable 1 Paraffins
1 Non-corrosive 1 Low melting enthalpy (Wax)
1 Chemically & thermally stablg] Low density l Fatg_IAuds
9 Little sub-cooling 1 Low thermal P(I IIS) |
1 Durable and recyclable conductivity 1 Polyglycols
Organic |1 Efficient for thermal comfort | Rare availability
1 High heat of fusion ' Flammability
(depending o
1 Low vapor pressu.re containment)
1 Safe and nomeactive f Volume change
9 Can be microencapsulated 1 Costly for
microencapsulated
9 High latent heat 1 Subcooling i Salt hydrates
1 High melting enthalpy 91 Corrosbn of container
f High density and latency materials
 High thermal conductivity | Phase separation
' High heat of fusion 1 Phase segregation
| Sensible heat storage l Laci[ktc))}‘l_':hermal
1 Nonflammable sta .|.|y
, L | h 1 Instability of volume
Inorganic | Low volume change after repeated
1 Affordable change cycles
1 Verywide melt point range | Loses effectiveness
with thermal
cycling
9 Largedegreeof
supercooling
1 Cannot be
microencapsulated
1 Affordable 9 Lack of tesing and 1 Saltwater
1 Sharp meltingemperature limited data_of solutions
. . thermoephysical
9 High volumetric thermal :
i properties
storage density o
Eutectic 1 Limited temperature
range
1 Corosive
 Cannot be

microencapsulated
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2.6 PCM APPLICATIONS
2.6.1 PCMs IN DIFFERENT SUCCESSFUL APPLICATIONS

Depending on theiatilization, PCMs have the propertied both harveshg energy from solar
gains wheredesired orprotecting against solar gains due to their high thermal storage
characteristicsTypically, this protection is used during transportation or storage of goods to
provide thermal comfort against heat atmld (Prim 2013) Therefore, PCMs have different
applications that areucrently used toreduce oravoid heat exchange between different
temperatures in areas/spaces that need to maintain these properties for different purposes.

There are many applications that benefdat fr on
such as protection of solid food, cooked food, beverages, pharmaceutical products, blood
derivatives, hot and cold medical theiegp electronic circuits, clothingand many other
applications yet to beliscovered(Prim 2013) More importantly, possible PCM aligations

include thé utilization in refrigerators and freezers thautd use less energy, higterformance

textiles thatouldprovide relief from hot and cold climate conditions, and shipping containers that

could maintain goods a desired temperata for longer periods.

Currently, the global PCM market is experiencing high growth due to an increasing demand for
ecofriendly and energygaving materials in industries such as thermal energy storage,
refrigeration, textiles, and electronidsable @) shows an overview of some examples of existing
applications of PCMs in different fieldMantz and Wehrle 2015)

TableQExampl es of PCMs 6 applications. A

Field Examples of Applications

Consumer | Appareli Shoes Furniture Car seat$ Automobiles Lunch and beverage

Products | containers Outdoor gear (sleeping bags, etc.)

, Medicali Pharmaceutical Food/produce Drug testing Laboratory testing
Packaging _ S _
Chemicals Biological samples Vaccines

Bedding Mattresse$ Mattress tppersi Protectors Pillowsi Linens Quilting Ticking

) Computer parts Handheld devices/phoned.aboratory equipment Outdoor
Electronics _ o .
electronics Remote telecom statioiisLasers Military
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2.6.2 PCMs APPLICATIONS IN BUILDING CONSTRUCTION

PCMsas latent heat storage materials can be an efficient way of storing thermal energy and are
applicable to materials and products that can be used as tempenatiesatorsn construction

and architecturéVuceljic 2009) The concept of storing heat withtn b ui | di asgoéea wal |
around sinceat least1881(Pacson 2011)The first documentedaseof a house using a PCM for

passive solar heating was done by Dr. Maria Telkd®948(Harland et al. 2010)

Tyagi and Buddh{2007) mention several forms ofultk encapsulated PCMs that can be used in
building construction. These materials provided for active and passive solar applications during
the 1980s. In addition, they found that most encapsulated commercial PCM products at that time
were inadequate fgyassivelydelivering heat to the building after the PCM was melted by direct
solar radiation. This can clearly be seen in the buifiegclosure which offers large areas for
passive heat transfer. The need for proper building materials with high peréarimnanlation is
considered one of the most important building construction applicatiomspi@ve thermal

comfort in buildinggGracia and Cabeza 2015)

2.6.3 CURRENT APPLICATIONS OF PCMS IN BUILDINGS

The uses of PCMs in buildings as thermal storage systerasean of great importance since the
second half of the twentieth centuryK o S n y. T @nairbdpplications of PCMs in buildings
are when spaces aveentedtowardthe sun and require larger thermal storage units to be used as
an insulation layer within wall components. PCMs were traditionally used to provide a comfortable
interior building temperatur@/uceljic 2009) More frequently, latent heat storage materials are
now used to stabilize interior building temperaturést example,hie application of PCMs in air
conditioning systems reduce room temperature fluctuationmriog the high temperatures from

the external daily temperature and reelbome heating and cooling loads by reducing electrical
power consumptior(Zalba et al. 2004)Also, the use of PCMs to store coolness has been
developed for air conditioning applit@ns and reduced energy consumption, where cold
temperature is collected and stored from ambient air during the night and is released indagrs duri
the hottest hours of the dayi(d.).

PCMs are currently utilized/ith a packaging method in micror maco-encapsulated cells for
some applications such as interior wall construction that are adjacent to insulation and wallboard,

between attic joists, above ceiling panels in a drop ceiling, and floor(dgeses and Delaney
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2012) Jaworski and AbeiR011)reference three existing ways of incorporating PCMs in building
structures:
1. Blending PCMs with building materials during the manufacturing process of
construction elements such as bricks or plasterboards in wall components

2. Incorporation of macr@apsulesvith PCMs in free spaces inside the building such as
placing PCMs above suspended ceilings or under fl@mcs

3. Incorporation of PCMin parts of furniture or window blinds
Tyagi and Buddh{2007)list a number of major applications of PCMs in buildingbich they
classified into two different methods for temperature control. The first application deals with
passive storage systems, such as PCM trombe walls, PCM wallbde@Mpaints, PCM shutters,
PCM building blocks, and albased heating systems. Teecond application relates to active
storage systems, such as floor heating and ceiling boards. PCMs are used to enhance building

performance in many building elements. The following are some examples of current applications:

PCM-enhanced solar thermal sage walls

Impregnated concrete blocks and ceramic masonry
PCM-enhanced gypsum board and interior plaster products

PCMs to enhance wall cavity insulatjon

PCMs to enhance thermal performance of floor and ceiling systems
PCMs utilized in roofs and s to enhance insulatipn
PCM-enhanced windows and window attachment products

Use of PCMs for pipe insulation

© © N o g M 0w D PRE

Use of PCMs for heating, ventilation, and air conditioning (HVA@tems
10.Implementing PCMs for fireplace protecticand
11.PCMs to enhance Whoards and insulation foams
As expected, each of these PCM typegetdifferent applications in building constructiohable
(3) shows some exampef existing PCM products that are currently used, ansithstr location
of implementation. Several studies analyze PCMs as energy saving materials due to their flexibility
and applicability. PCMs are gaining popularity due to their properties of reduced heat transfer in
lightweight materials. The search for capable, efficienbnemical, and achievable sources of

energy is a continuous attempt carried out by researchers, practitioners, and scientists.
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Table @ Exampl es of PCMsd6 applications
(Jaworski and Abeid 20)1

PCM Product Application
Wallboard

Ceiling Tiles

Micro -encapsulated Paraffin Wax
Floor Panel

Interior Wall Construction

Interior Wall Construction

Bio I Based (organic) Materials Attics / Drop Ceiling Plenum Floor

Interior Wall Construction

Eutectic Salt Mixtures Attics / Drop Ceiling Plenum Floor

2.6.4 MOTIVATION FOR UTILIZING PCMS IN BUILDING CONSTRUCTION

According to the above introduction and general information about PCMs, the motivation of
utilizing them in building constructionwas revekedd and several aspectsencourage
implementing PCMsin building practices.Two main avenueshave beenconducted in this
researchl)to encourage architects, building engineers, contractors, and owners to take advantage
of PCMs and 2) to integratePCMs within building components that are utilized in building

construction. Theseesearcldirectionscan be described #ise following:

1. Effects of PCMs omthermal comfort in buildings

2. Effects of PCMs o energy savings

2.7 EFFECTS OFPCMSs

In commonly used PCB] the clange of phases from solid to liquid or liquid to solid occurs in the
typical temperature range found indoors -@8C), which is favorable for building energy
consumption purpos€&olaitis et al. 2013)Therefore, the use of PCMs is desirafoleredudng

energy consumption because of the discrepancy between the indoor day temperature and the
outdoor night temperatur@alba et al. 2004)Also, they havethe potentialto improve thermal

comfort for building occupants whilalso havng large capacitiesto store heat and energin

comparsonto othermaterials. For example, PGMtore abouthreetimes more energy than water
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andsix times more energy than concrete for the same wall thicKKezsik et al. 2011b)Figure
(7) shows the capacity of storable enefgybuilding materials by comparing between seven types

of building material that have the same conditions of temperature variation and thickness.

350
300
250
200
150
100

Storable Energy [ VW/m?)

f Glass Wool, 1.8

Wood 17.8

[ Plaster | | - 234

m Concrete 48

Iron 78.6

m Water 92.8

B PCM 287.6

Figure (7) Comparsonof thestorable energy capacity of buildingaterialsunderthe
same conditions of temperature variation and thicknsgapted from(Kuznik et al.
2011b)

2.7.1 EFFECTS OFPCMSs ON THERMAL COMFORT IN BUILDINGS

Thermal comfort is determined t®gveralphysical conditions such as air temperature, relative
humidity, airflow, andadjacentvall temperatureSpace temperature is consideredmisfluential
factor on space climate and thermal comfBilding orientation,building materialspccupancy
with people, use of equipment, lighting, solar gains thhomigdows,window shading and natural
ventilation, thermal mass, arntermal insulatiommaterial have a significant impact on thermal
comfort. In moderate climag indoor temperature is recommended ¢okiept in betwee@1°C
and26°C with arelative humidgty of 30% 60% (Andersen 2006as showrin the psychometric
chartin Figure (8) This chartrepresentshe thermodynamics properties of moist air and can be
used todescribe the relationship betwedry bulb temperature, wet bulb temperature, humidity,
enthalpy, and air densigspsychometricyariables(\Wujek and Dagosto 2010)
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Figure (8) Demonstration of thermal comfort zone throygglychometricsAdapted
from (Orange Slides 2014)

Providing thermal comfort in buildings is not only important for improving the living standards or
physical comfort demasdin terms ofheating ad cooling it also plays a major role when
considering human performance and/or concentral@Ms have some features suchtesinal
energy storagthat could be user improvingtheinternal environment djuildingsandcreaing

anotableimpact on hermal comfort for building users.

In general, to improve the thermal behavior in buildings, concern for thermal comfort of the
occupants and using thermal insulation matedaet®nessential action to have in order to reduce

the thermal amounts of wigt heat losses and summer heat géBiwan Hed 2005; Zalba et al.

2003) Creating a comfortable environment inside most buildings requires a large amount of
energy expense antkesa | ar ge share of t 8 althobghdtillzidgisonged s o0 p €
building materials could reduce these expenses and improve thermal comfort for occupants. Proper
selection of PCMs reduces heat loss in cold weather, keeps out excess heat in hot weather, and
helps maintain a comfortable indoor environment without incurrpegation costsl herefore, the

use of PCMs in buildings is a possibiligr improving higher thermal comfort as it allows the use

of latent heat storage to increase the thermal inertia without significenatleasing energy
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consumption. PMs cantherefoe increase thermal comfort by decreasing the range of internal air
temperature differences and providing the desired temperature in the indoor building environment
for a longer periodVuceljic 2009)

Maintaining a stbletemperaturevithin the comfort zoa for longer periods without relying on

HVAC systems may also be possible with PQBmateTechWiki 2017)Moreover temperature
fluctuations mighbereducel, depending on selecting a PCM within the desired melting/freezing
point to maintain temperaturesthin the comforizore. This will benefit the indoor climate in two

ways. First, the temperature will be held more stable by controlling temperature fluctuations
throughout the dayand will redue the feelings of thermal discomfort. Second, the peak
temperature will be reduced and should never reach a temperature that leads to increased thermal

discomfort.

PCMs also maintain a neaonstant temperature within the conditioned space while undergoing a
phase changds previously mentionedheyhavedifferentapplicationdor building construction

such as insulation products, paint, wall coverings, roofing, solar systems, playing fields, radiant
heat, and raised flooring panelfius,PCMsasmaterials and productsin be used as temperature
moderatorsfor building constructionwhen theyhave high thermal conductivityso that the
temperature gradient required for charging the storage material is small and the mass is less than

other building materials.

With all the characteristics of PCMs, their appliaatiin building construction, the theoretical
studies, and demarfdr high performance products that increase sustainability and livability, a
practical assessment of utilizing PCMs in building construction is required to verify their
effectiveness on engygaving and thermal comfort in buildingSuch research will alsclarify

the potential effectef PCMson thermalperformance in general.

2.7.2 EFFECTS OFPCMS ON ENERGY SAVINGS

In many countries, cooling and heating of any type of building contributes satiff tooverall
energy consumptignvhosedemand is critical when it occurs during peak tifddsHadithi 2011)

For example, according to the US Department of Ené2§99) in Arizona, 25% of electrical
energy consumed in homesdige toair conditionng, which is more than four times the national
averageFigure (9)shows the comparison between Arizona and the US overall regarding electrical

consumption.
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Figure (9) Electrical energy consumption in homes. Adapted f(Bmergy
Information Administration (EIA) 2009)

Overthe last decade, the demand for air coaditig has increased greatly and large demands for
electric power have led to an increase in efficient energy applicdtfaeeljic 2009) Currently,
providing electrical energy is often achieved with extra equipment and cost. In building
construction, thee is a lot of energy savisgpotential anddifferent methodsfor possible
improvement. One potentially significant impact on energy savings could be achieved by utilizing
PCMs in building enclosuresstheycould either avoid or redutlee use oéxtra egipment(Zalba

et al. 2003) The potentiaimpacs of this are described in the following two sections.

2.7.2.1 REDUCINGENERGYCONSUMPTIONOF BUILDINGS

Heating and cooling consume a large portion of operatios andtvay from building to building

and from loation to location. PCMs can effectively reduce tlependency oair-conditioning

energy consumption per unit area by blocking heat transfertreoutdoosto theinterior of the
building in climates with periodic temperature swings between day andtr{i§buayfane et al.

2016) This process could be performedsave airconditioning energy when applying PCMs in
building enclosures. PCMs offer more energy storage capacity and less temperature fluctuation
according to their high latent capacity. The eti$eof reducing the energy needed to run mechanical
systems to heat/cool the building can be accomplished by delaying and offdettimegymal load

to the building(Irwin 2015)
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PCMs have the potential to reduce radiant heat effedtehemphasizethe ability of PCMs to
offset the heating/cooling load by storing incident radiant energy aratii&ting this heat to the
exterior when theraretemperature swing#n other wordsPCMs can reduce the maximum inside
temperature and its fluctuatio3CMscan efficiently capture cold energy during the nighttime in
summer and reduce the fluctuation of indoor temperature by(&lCet al. 2014)In addition,
using PCM in a building equipped with an AC system can result in up to 15% sawignnual

energyconsumptior(Castell et al. 2010)

Using PCMs with high latent heat of melting to increase the thermal energy storage in buildings
has been introduced to construction practice to reduce the amount of energyl tego@at and

cool buildings. This methoaf storing thermal energy offers higher density of energy storage with

a smaller temperature fluctuation compared to traditional metiatl u® mass as sensible heat
storagdBehzadi and Farid 20113aving of cooling or heating loatan be achievedytincluding
PCMsin building enclosuresepresented by a reduced heat transfer rate and a time lag in the peak
indoor temperature. PC&¢an manipulate the trend of increased energy consumptions in buildings
by combinng them with other building materiadd in many ways addressinipe concern of

conservation with minimum expenditure of conventional energy.

Energy consumption in buildings depends on building design, building materials, and the operated
environmental contex{Harland et al. 2010)For instance implementing PCMsn building
surface or within an exterior wall could reduce or at times entirely avoid the need for cooling or
heating energySharma et al. 2009)Therefore, the use of PCMs is desirable for improving
building thermal performance witkthe reduction of energy consumption because of their
properties, mainly when theredsscrepancy between the indoor day temperature and the outdoor
night temperaturéZalba et al. 2004)

2.7.2.2 ENERGYSAVINGS INTOTAL GRID (NETWORK CONSUMPTION

In the US, enengdemand that is created by air conditioning can make it difficult for utilities to
keep up with the demand during pgadriods(Halford and Boehm 2007Building new power
generation facilities is costly and companies are aggressively seeking methoithgf some of

the load away from peak hours to-pHak times. Vucelji¢2009) found that electrical energy
consumption varies significantly between day and night and that PCMs can be helpful as building

materials because of their high storagmsity andnarrow temperature swings. The author
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suggestghat encapsulating or embedding suitable PCMs within building enctsirenhance
thermal energy storageince PCMs can either capture solar energy directly or capture thermal
energy through rtaral convection. PCMs, which change phase during peak times of the day, can
play a major rolen shifting the high load of demand to the off peekes of daywhich allows

for purchasing energy atlower cost(Shi et al. 2014)The thermal storage capiigoof PCMs can
provide a valuable solution for balancing the supply and demand of electrical energy and shift the
peak of energy consumption for HVAC systems to cheapepestk hours(Addington and
Schodek 2005)

In this load shifting strategy, thermadbsage is charged during gfieak times and stores energy

in order to use latent heat during times of peak load. It aims to shift the entire peak load to off
peak hours. By decreasing or avoiding@inditioning operation, electricity consumed during the
day is reduced. This strategy is commonly used to take advantage of loyweabkfénergy costs

and is mostly introduced where-peak demand charges are high or thepeak period is short
(Valappil 2015) Figure (10)llustrates how the peak might be reduced theshifting ofthe peak
throughthe use of PCMasthermal energy storagplusthe strategies of charging and discharging
storage to meet cooling or heating demand during peak hours and shifting the entire féad to o
peak hourgDincer 2002)

Reduced on-peak demand

g

e
24 hours daily cycle 24 hours daily cycle
A: storage meets load Dotted line: chiller on
B: chiller meets load directly Solid line: load
C: chiller charging storage

(a) (b)

Figure (10) Strategyof shifting the heating or cooling load from peak hours tepetik

hourswith thermal storage material. Adapted fr¢Bincer 2002)
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By shifting the peak load away from the peak hours of electrical demand uding, B@ peak

load may be divided throughout the day for reducing the higleadtyHalford and Boehm 2007)
This can |l ead to a significant reductioen of
storing building materials, reducing pressure oreteetrical grid, anghotentially minimizingthe

need for HVAC systems for long per®ddf time PCMs can also reduce electrical power
consumption by lowering high temperatures in comparison to the external daily temperature and
reducing heating and coolingads (Zalba et al. 2004)Furthermore, an appropriate thermal
storage material such as PCMs can be used to achieve a significant reduction in equipment cycling
frequency and create an observable increase in operating efficigacyraditional building
materials(Mehling and Cabeza 2008)

2.8 CURRENT MARKET AND OPPORTUNITY
2.8.1 PCMSs IN THE MARKET

PCMs have been studied for decades and several materials have been considered for building
applications to take advant age ragedeRstid@suzch | at en
as paraffin wax, bidased organic materials, and eutectic sd@&ginning in2010, several

varieties of different PCMbave beeravailable on the markeind themost common formare

paraffin waxes and salts, which can provide a lasgge of melting temperatur@darland et al.

2010) Figure (11)shows the global market ratio of the most common type of the PCMs
(Transparency Market Research 2015)

The Global Market for Advanced PCMs in 2011

12%

m Paraffin
= Salt Hydrate
Other

Figure (11) Globalmarket ratio oPCM producstin 2011 Adapted from
(Transparency Market Research 2015)
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Since2013, the commercial markiedshad more than 10@arieties oPCMs available at different
melting temperatures within the range 8€do 100C with latent heat of fusion in the range of
100 to 300 kJ/k@Milisic 2013). The global PCM industry isxperiencinghigh growth because of
increasing applications, technologit@provementsand growing concerns of green buildsng
accordince withenvironmental regulations amergysaving (Doshi 2015)

In the immediate future, it is probable that the mearfor PCMs in construction will become
affordablefor localarea applications mainly becaubeseresources are becoming cheaper to use
and more efficient to apphlyith conventional method®/ilisic 2013). According to a report from
Mordor Intelligence LP (2016) PCMs were valued at $563.53 million in 2014 and they are
expected to reach $1,674.29 million by 282@presenting a compound annual growth rate of
19.9%.

2.8.2 THE OPPORTUNITY TO UTILIZ EPCMS IN BUILDING CONSTRUCTION

There is no one best material &t applications and utilizin@CMs in building materials depends

on climate parameteendb ui | ding | ocation, as well as the
actual position within different building components. Climate parameters in a bailécgton

and thermal characteristics of the building not only have an influence on building components
themselves, but also on the thermal comfort of the interior §p&deadithi 2011; Fernandes and

Costa 2009)Additionally, solar radiation, cloudiness, haasorption and reflection of the ground,

wind speed, and atmospheric pressure all can have a major effect on the indoor comfort
environment under natural conditio(l-Obaidi et al. 2014)Evenunderthese conditionsthe
opportunityto redue energy cosumption and impraathermal comfort of buildings is obtainable

by using PCMs in building construction.

Besides the benefits of reducing electrical energy consumptiomgmdving thermal comfort,

utilizing PCMs (with their ability to absorb and storeat)ein buildingsis being motivatedy a

desire toimplement lightweight materials with less mass volume for passive and active building
systems.The huilding industry is moving toward more lightweight technologies with sensible
improvements in manufactmg processes and environmental benefits due to the concurrent
reductionothec o mponent sé6 weight and embodied efficie
thermal mass, such as concrete or adobe, PCMs store similar amounts of heat with significantly

less mass.
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Using PCMs in such building walls catherefore reduce building weight and decrease
temperature fluctuations, particularly in casé solar radiation load&uznik et al. 20113)and

they can be used for thermal storage in conjunction with passive and active solar storage for
heating and coolingTyagi and Buddhi 2007)PCMs have a high density, so that a smaller
container volume could hold a large amount of the material without causing a chemical reaction
with or corroson of constructim materials. The characteristics of PCMs make them more suitable
for use in buildings for energy conservation, sps&@eng implications, reducing building load,

and reducing peaks in demand than other thermal storage devices, which require separate system

and more space.

PCMs provide similar functionality for improving the comfort of the interior space in buildings
and reducing electrical energy consumption compared to high density materials typically used for
thermal storage. However, PCMs now achievs without the issue of adding significant mass,
which can be inappropriate at some levels of constru@itlariand et al. 2010Kosny et al(2007)
statethat using PCMs allows for significantly thinner, lighter weight building matemdigch are

bette sui t ed f or,andthatang destimdian of phadeamgg lsuilding materials has

the thermal capacity of roughly seven and half centimeters of conEigtee (12)compares

PCMs with different conventional building materials and shows the necessary thickness to store
as much heat as acinthick layer of PCM based on certain temperature intei®aé&hling and
Cabeza 2008)The use of PCMs in buildingsakes itpossile to achieve the required space
temperature and increase thermal comfort without significantly increasing building \(®ilyht

and Almeida 2013)
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Figure (12) Necessary layer thickness of different building materials to store
much heat as admthick layer of PCM. Adapted frorfMehling and Cabeza
2008)

Moreover, sincedPCMs do not require a thicker layer of building material as thermal mass to
improve thermal comfort for buildings in hot or cold regigniher utilization in building
constructbn add value throughenvironment conservatioas well (Vuceljic 2009) Therefore,

they are mostly suitable to be used in lightweight construction because of their impact, which is

similar tothat on theéhermal massf the building(Pearson 2010)

In addtion, PCMs can be used in both neanstructionand existing buildingshowever,some
criteria have tde consideed when using PCMs in existing buildings, swuedsound absorption
properties of surfaces or moisture control within enclosure compof&intizaid and Reichard
2016) When done properlyimplementing modified PCM products to existing buildings can
improve their performance by increasing their storage mghksat(Ritter 2007).Bouguerral et

al. (2011)emphasize the possibility of usiegrrenty-availablemicroencapsulated PCMs, which
are made with paraffin waxes embedded in small spheres of poiynberilding construction by

mixing them with building materials or facing wallboard. They also found that the RGAlable
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on the market can eisbe added to plast@nd can thus be installed in new construction or during

the renovation process of an existing building.

Most of the applications of PCMs in buildings focus on heating or cooling by using natural or
manmade resources &hievethe required thermal comfoiMehling et al. 2002)As previously
mentioned the materials containing PCMs can absorb and release heat more effectively than most
traditional building materials, antherefore,they can be successfully used in components of
building enclosurs to improve thermal comfortn interior spacegMadhumathi and Sundarraja
2012) Moreover,PCMscanmaintainhours of comfort to the interior space whieingoccupied

for longer periods of timéManioglu and Yilmaz 2008)However, PCMs mudte selected and
applied very carefully, specifically in accordance with fire and other building codes following

sound engineering practices.

Using PCMs in buildings is also suitableitoprovethermal comfort because of their ability to
adapt to the diffeences between indoor day temperatures and outdoor night tempe(Ztibas
et al. 2004) In hot dry regions, where temperature changes during-lzo@v period are more
significant, PCM application becoman even morenotivating factoyasit can reducendabsorb
daytimeheat gains and improve thermal comfort for interior building environn{®fddhumathi
and Sundarraja 2012Thus, PCMs are especially suitable in arid and seidiareas, when the
solar irradiance is maxiahduring the day and the engrdemand reachets peaks because of air
conditioning load¢Nath 2012)

In summaryPCMs have the potential to reduce the energy needed for space ,h@atmgjing,
while improving thethermal comforbf interior spacsin building applicationgas wel as reducing
the cost during building operation timeigure (13)shows the potentiadnd theopportunityto

utilize PCMs in building construction.
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Figure (13) Potentialand opportunityo utilize PCMs in building construction.

In general, most lightweight building materidiacluding PCMs) have the advantages of being

energy saving, land saving, waste utilizing, environmentally protective, and increasing labor
productivity (Ma et al. 2015)Furthermore, PCMareuseful in reducing transportation time and

cost according to #ir mass and volume. Theyso requiremuch less labaoto installandprovide

lightweight solutiongor achiewng up to a 98% reduction in heating and cooling costs of buildings

(Craig 2012)Addit i onal |l vy, by taking advawdkagand of PC
construction labaars to accomplish their tasks with less effort and timeomparsonto the

guantities othermal mass of a heavyweight building matefahally, PCMs are very useful in

providing high thermal storage components withoateasing building loads, which haslirect

impact on the building structure and HVAC load calculations.

2.9 RESEARCH GAPS

Background literature indicagéhe relation that exists between PCMs and theira@gpto control
temperatures in different applicat&mi\lso, it reveas several gaps thaxist interms ofutilizing
PCMs in building enclosurefor energy savingsand thermal comfortThesegas can be
summarizeds
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1. Gapin technicaknowledge
2. Gapin PCMs selectiopand

3. Gapin PCMimplementatioras buitling material

2.9.1 GAP IN TECHNICAL KNOWLEDGE

There is an increasihg empirical and theoretical interest in how knowledge is shared and
integrated across building practice boumelarin building construction practices, theoretical
knowledge has a significamble for architects engineerscontractors,and building material
manufacturers. However, a practical application through a scientific approaghs pghe
effectiveness of any building material and shatssmprovemento or deterioration in building

construction.

Cooperation between scientists, architegigjineerscontractors, and manufacturers aliovem

to achieve their common goals more effectively in building construction and ps@xganded
products and materials thaan improve building peformance.However, PCMs in building
constructionare still a work in progress in terms of gapstechnicalknowledge, research, and
effective aplication.In other words,tere is a lack of understandiofPCMsand their application

in building construgon. The design and engineering community are just now gaining some
understanding ofhe possibilities oPCMs, but theechnicalknowledge transfer is very slow,

especially given the complexity of design for PCMs in building encleg@®venth Wave 20}6

While many studies have been conducted to realize the potential benefits of incorporating PCMs
into building construction andven thougtresearch taincreased over the years, thésestill a

needto conduct more resrch to enhancehe understandinggf PCMs and their role in building
constructionFigure (14)shows the number of journal articles that have been publlsttedeen
1979and2010 and illustrates the tremendous growth of scientific reseassithe past few years
(Kuznik et al. 2011a)
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Figure (14) Number ofpublicationsof PCMs inbuilding envelopeg19792010)
(Kuznik et al. 2011a)

In a wide range of building applications, the effect of building discomfort can be solved by air
conditioning systems or by incorporatimgulationmaterial in buildingenclosuresBy reviewing

the previous stiies that focus on different typeof PCMs and their application in building
construction this researckattempts tdfill the gapin lack of knowledge Concentrating orthe
studies that use assessmeahniquedrom different perspectives to study yarg positioningof
PCMs within building enclosures consideedthe primarystrategyof this researcto fill the gap

in technicalknowledge The literature review disssed and illustratd the differentthermal
performanceof PCMs specifically in areas thahave a fluctuation in outside temperatures.
Quantification of impacts and benefitdienmeasuring the improvement in thermal performance
that utilizes PCM can be used tdevelopaclearunderstandingf PCMs for building applications
Therefore, a studyf PCMs and an evaluatiarfither useswithin building enclosurewill enhance
the technical knowledge of PCMs and their raleimproving the thermal performance of

buildings.
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In this researcha review of thditeratureis used to presegeneral information about PCMs such

as therr properties, theiadvantageanddisadvantagesheir typesand different application. Also,

this researchighlightsthe effect ofutilizing PCM in buildingapplication. The literature review

has been carefully delivered fill the gapin technical knowledgeMore specifically, t focusel

onarea that enhance the understanding of PCMs as latent heat storage materials and their role in

building application.

2.9.2 GAP IN SELECTION

There are several factors that need to be coreidehen selecting a phase change matérisd.

type and amount of PCMgquiral varies considerably according to building type and location.
As previously mentioned, RCMO6s t emper ature remains constant
is useful for keepinghe subject or object at a uniform temperature androprovethe comfort

level of theenvironment inside the building whérns usedwithin the building enclosurégSharma

et al. 2009) Thus, selectinga practical solution for building materials has ajor role in
maintaining thermal comfort and improving building thermal performaincgeneral For
example, in the summertime, peak heat flow crossing a painted roof deck using reflective
insulations and PCMs sukenting air channels was reduced by abt# compared with the heat

flow penetrating a conventional shingle rq&fosny et al. 2007)This specific applicatiorior
instance showthe impact that PCMs can have on building performaecerding to the type of
PCMselectedwhich subsequently affecthe thermal comfort of the physical indoor environment
(Ibid.). Thus, properly chosen PCMsould improve thermal comfort in buildingsnd minimize

the u® of air conditioning systems and energy consumption during warmer and colder months.

Thermal interice materials come in a wide variety of product types and price pairggite of
this, selecting PCMs in building construction remainshallenge taskThere is a gap between
known and functional applications of PCMs in various fields outside of cmtistn anda
potential utilizationthat isspecific for building enclosure systeni$aving a basic understanding
of their strengths, weaknesses, and applicability is ketheésuccessful selection of the best

interface material for application needs.

Ghoreim et al. (1991)mention the required PCM properties for best practicegeneral

applications which primarily determine the performance of PCMs imctilide:

1. Melting point should be in the operating temperature range
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2. High latent heat of fusion per umitass, which ensures high energy density
3. High specific heat to provide additional significant sensible heat storage effects

4. High thermal conductivity itbothsolid andliquid phasessothatthetemperature
gradients for charging and discharging theagermaterial are small

5. Small volume changeduring phaseransition,asit reduceghe sizeof encapsulang
materialsandultimately the heat exchanger

6. Exhibit little or no super cooling during freeziagd pssess high densjty

7. High chemical stabilitespecially at higher temperatures, no chemical decomposition
upon extended cyclingnd reaction resistance to encapsulating materials

8. Should be noipoisonous, noflammable and norexplosive elements or compounds
in the entire operating temperature rerand

9. Should be tiordable and durate.
There is a comprehensive list of possible material that may be used for latent heatistorage
different applicationgAbhat 1983) Yet, asystematic choice is difficult as a particular PCM may
only have some of thdesirectharacteristics buhay not possess the others. For example, water
has high latent heat of fusiois,cheap and available, amgl nottoxic, flammable or corrosive
which make water an ideal PCM. On the other hand, itsdiglidd phase changemperature at
0 °C makes it an unsuitable PCM for any application where ambient temperatures are generally

above 0 °C.

Milisic (2013)studiedthe commercial markeand founda large number of varieties of different
PCMsthatwereavailable at different glting temperatureand different rangeof latent heat of

fusion However, no single PCM has achieved all the required properties, so a suitable system
using available materials is required to balance lacking properties with enhanéesétisas
containmeat and increasing conductiviiiyiehling and Cabeza 2008 order to fill the gapn
selectiorregardinga suitable PCM for building constructionsgstematiaeview of theliterature

has beerused to highlight the properties that are reqlirethe PCM to be used in building

application.The findings of this review arelarified inthis section.

Since theintegration of appropriate thermal energy storage systemithe selection of suitable
PCMs plays a very dominating role inetimal performancethe selection criteria of PCMis
discussed ithis sectionThere are different types of PCNtwr different applicationsvith many
purposegqViljoen et al. 1997) In building construction, at all PCMs can be useaksthermal

energy storageasthey musthawe certain desirable thermphysical, kinetic, chemical, technical,
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and economic characteristigSui et al. 2015)Theliteraturereviewincluded herdocuses on the
criteria that are related to building applications.

The idea of using a PCM is to storeotenergy for daytime cooling requirements in summer or
to store heat energy for nighime heating requirements in winter. In order to seleptagtical
gualified solid-liquid phase transitioRCM as latent storage materiaf a specificapplication in
building constructionthe systematic literature revidvelowsummarize the essential criteria that
were established by Furbo and Svendd4@&77)and further developed by Abhgit983)andLane
(1983) Recently, Sharma et.§2009)andK o S (2§15)clarified and emphasized these criteria
that arerelated to the properties of the PCMar building applicatioras thefollowing:

Thermal Properties for Building Applications: a) The main criteria of selecting PCMs is the
melting point asit must be suitabléor and situated in a temperature rabgéwveen the enclosure
boundary conditionso store energy for practical yd® The heating or cooling temperatures of
operation should be matched thathe transition temperature of the P@\Wrossed during cycles

c¢) The latent heanf the PCM materiadhould be high to minimize the physical size of the thermal
mass of storage and to be suitafblephasetransition temperatussandd) Thermal conductivity

should be high to assist the chargimgl @ischarging cycles of the energy storage.

Chemical Propertiesfor Building Applications: a) The chemical stability during melting or
solidifying phasesast tobelong-termfor suitable building enclosure applicatioby PCMsmust
be compatible witlotherbuilding enclosurematerials andc) Any utilizedPCM mustbe nontoxic,

nonflammable, nowxidizing, and norexplosiveto be in compliance with fireafetycodes

Physical Propertiesfor Building Applications : a) PCMs should have phase equilibriamd b)
PCMswith high densityand small volume changare preferabléo allow for a smaller size of

storagespace

Economical Propertiesfor Building Applications : a) PCMsmust beavailableas a construction
material in the regional contexts, andley mustbeaffordableenough in a broader contegt(.,
initial cost, transportation, construction time) to provide a viable alternative to other construction

materials.

While Khudhair and Farid2004b)demonstrate different properties fobuilding applications,
PCMs should havea phase changeemperaturevithin the human comfort zonespecially when

they are applied close to @mpied spaceslherefore, it is important that the appropriate PCM be
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selected for each type of application so that an efficient utdizaf a PCM seltingfreezing
range is reached and theedlatent heat storagean store andeleasehe energyat the desired

temperaturavithin a spac€Feldman et al. 1995)

These criteria can be considered as an entry point for selecting a praGidafor building
application® with the optimum melting pointarying between 0°C and 30 °C, depending on
application(Whiffen and Riffat 2013) There aresignificant numbers of PCMs that melt and
solidify at a wide range of temperatures, making themactive for several applications. Drake
(1987)set up several equatiotws calculate theptimummelting temperaturér a desired PCM.
Peippo et al(1991)further developed these equations to be used as decision tools that contribute
to the selection ofpractical PCMs for a required application. These equations can be used to
explain the decisiostatement®f utilizing a PCM in a particular application by calculating the
optimum melting point temperatui&, for a PCM(Whiffen and Riffat 2013)

o L Oty

where7; is the average room temperatu€js the total heat absorbed per room surface drea,
the average heat transfepefficient between wall surface and surroundjregel fs.or the storage

time. The average room tempeua is calculated through:

.10 TR
N
I 7l
where the different temperatur&sand timest are defined by theubscriptsd and n2 referring to

day and night.

Barreneche et a[2014)studied most of the PCMs that canused for active and passive systems
in building applicationsTheydemonstraté anewdatabase to be used when seleciR{_M for
thermal energy storage in buildings applicatiohlso, they showd adifferent classification of
PCMsto be used for buildimp applicatios according to their melting pointhis new database is
helpful during thePCM selection procesgdepending on theequirements of the application.
Moreover,Zeng et al(2017) presentd results of evaluable PC&for building applications and
analyzel selectioncriteria for suitability uses inspecific regionsTheyexplaired their selection
criteriato provideaclearpicture of currenPCM productswith aconsideration of changing climate
(Zeng et al. 2017)
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2.9.3 GAP IN | MPLEMENTATION

One of theincentives of using PCMs in building construction is the reduction in storage volume,
which can be achieved by using latent heat. This feature dlwwaving large amousbf energy

better thanother heat storage systeniKaygusuz 1995)In buildings, hermal energy storage
comes in two forms: sensible heat storage (SHS) and latent heat storage (LHS). SHS systems
charge and discharge energy, or heat, by using the heat capacity of the material and a corresponding
change in temperature without changinggghal he SHS capacity of building materials has been
recognized and used for centuries by builderngassivelystore and release thermal energy, but a
large volume of building material is required to store the same amount of energy in comparison to
latentheat storageAt the same timencreasing the quantity of building material in SHS systems
may lead to bettethermal mass storage/hich can improve thermal comfort without increasing
energy consumption, but the structural weight alfloincrease. Th&fore,consideration should

be givento materials with low weight and higher heat storagpacitythat canalso increase

thermal comfort and redeenergy consumptiorin general,PCMsweigh lessand are used in
different applicatios as a temperatursmoderator so they couldalso be usedto improvethe

internal temperatures of buildinggile consuming lesenergy and replicating the thermal mass

of a heavyweight building materials in a light building enclosure.

There are different ways to integrate PCMishin building enclosuree. Today 6s const ru
increasinglyrely onmodern lightweight building methods with highly insulating materials. The

lack of thermal storage mass leadstwegative impact on indoor climates. The impact of using
thermal storag can be seen clearly in thermal comfort and energy safriagh cooling and

heating. Finding a solution to incregbermal storage without increasiagdpuildingd total mass
encourages the use BEMs to achievethe benefitsof thermal comfort and energynservation.

Thus, the implementation of PCMs can reduce indoor temperature fluctuations and improve the

thermal comfort of occupants.

The most popular PCMs need to be clarified and the practical difficulties in implementing them
require a detailed desption to illustrate the type and location of each PCM and the best practice
of its usein building construction.The thermal improvements in buildings caused by the
integration of PCMs depend on the uses of PCMs witliffierent components of the buildgn

(e.g, wall, floor, or roof) (Akeiber et al. 2014)There is a largscalegapin the implemenation

of efficient thermal energy storage systeand thesuccessful implementation of effective
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componerd in building construction.The appropriate way of tegrathg PCMs needs to be
clarified with information available fronthe Architecture, Engineering and ConstructiéiC)
sectorbased ortheir vast knowledge of building material behavsoand propertiesn order to
bridge the gappetween applicable PCMand theircurrent usen building constructior{Ayyad
and Baaziz 2012Figure (15)shows the gap betwe&iC decisiors andthe application of PCMs
in building construction, and demonstrates the needonduct research thahvolves an
assessment of utilizin@CMs inbuilding enclosure systesnn order to evaluate the potel

improvementn conserng energy and thermal comfort.

A Lack of Implementing PCMs in Building Construction

PCMs are heavily
used as insulation
materials and -
thermal storage in
many applications Thermal

Storage

There is a lack of using
PCMs as a thermal storage
in building construction

AEC are working
to provide a
thermal comfort
with less energy
consumption

Figure (15) A lack of implementing®CMsin building construction.

A PCMés position wit hsaggnificdneeffelstun thérrdal conglitioesand | o s u r «
the methods of implementation and pmsitng need more assessment for besictices in
utilization. To fill this gap, a systematic reviewas undertaketo focus orthe implementation of

PCMs in building applicationsThe findings of this review angresentedn this section.

For decades?OMs have been tested as a thermal storage elsnimebtiilding applicationsand

the majority of thesestudies have founthat PCMs enhance building energy performandéo S n y
et al. 2009)Oak Ridge NationalLaboratory  ORNL) conducedseveral experiments tassess the
impact of PCM on building construan. For exampleChilds and Stovall2012)teskedselected

PCMs placed in an exterior wall arttien studied &road range of parameters that can influence
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the uses of a mer ged tiohsystemaoh buidingopertorgnancet Alse,r ma |
Biswas et al(2013)testedawall built with PCM and foundhat anenhanced wall with PCMas

the potential for energy saving®mpared t@ommoncellulose insulation.

Ismail and Castrq1997) conduced field teds for a wall and roof that contagd PCM, and
demonstrate the effectiveness ¢tCMs in maintaining a constant and stable indoor temperature
anda reduction in the necessary installed capacity etanditioning units Zhang et al(2005)
used aframe wdl that integratd a highly crystalline paraffin PCM via maeemcapsulatiorior

field testing Theydemonstratedhe impactof this enhanced frame walith PCM onreducng
peak air conditioninglemand in residential buildingsdreducng wall peak heatluxes by 38%.
MathieuPotvin and Gosseli(R009)provided a rumerical analysis of a wall with one PCM layer
to provide fundamental results that may help to understand the impacPG@GM when it is
integrated in real buildingenclosuresJin et al. (2014) conducted aDifferential Scanning
Calorimeter(DSCQ) test for wall experimentswhich showed significant effecs on the thermal

performance of buildings

In brief, the application of PCMs in building constructiors kaveral advantage$he effect varies

by the materiausedand its respective properties as mentioabdve, but also changes with
different positions. This research illustrateseffects of PCM positionm terms ofimproving the
thermal performance in buildingsspecifically in terms of thenal comfort andshifting loadsto

off peak timesMoreover, hermal performance of any building can be affected by a variety of
factors such as the type of the enclosure materials, thickness of insulation, and outdoor conditions
(including their period ofcooling and heating Therefore, he effect of PCM positioning within
the cavity ofa building enclosure on thermal performance was evaluated by usjngraitative
comparison method of different wall assemblies and analyzing three pasajovadl asemblies
without PCMs NP), b) wall assemblies with PCMs in the exterior position of a ca@é®)( and

c) assemblies with PCMs at the interior position of a ca®yd with varyingnumbers ofayers,

thicknesses, anothercomponents.

Thus theimpact ofimplementing PCM in building enclosure has bdeterminé and thepresent
study comparethree factorso examine their impact on building thermal performariieese

factors are:
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1) Impact of PCM position
To study the impact of PCM position, three typdsspecimens were investigated
specimen with PCM positioneazh the exterior side of a cavity specimen with PCMn

the interior side of a cavity, aradspecimen without PCM in the cavity.

2) Impact of PCM quantity
For this factor, there were two typesaimponents analyzeé#irst, a specimen with two
layers of a packaged PCM layer material were attached to each other to study their effect as
a latent heat storage. Secoadpecimen with only one layer of the packaged PCM material
wasstudied. Thirdaspecimen without any PCMasused as a baseline for the comparison

tests.

3) Impact of insulation thickness
This study used one type of insulation, which wagxtruded polystyren€XPS) with 2.5
cm layer thicknessfor a better linear comparisofo study he impact of insulation
thickness in connection with PCMs, there were two specimens cordigtre first type of

specimen utilized three layers of XPS and the second utilized only one layer of XPS.
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3 RESEARCHAPPROACH AND METHODOLOGY

3.1 PROBLEM STATEMENT

In general, lgher standards of living are being demanded today worldwidis. means thatia
conditioning energy consumption in different seasons represents a challenge in many areas with
hot or cold climateddeating and cooling loads represthd largest prtionof energy consumption

in buildings. Providing thermal comfort for building occupants is a very important task for
architects, engineers, and contractors. PCMs work efficiently in many fields as a temperature
controller, but their applation in building construction is very rare. PCMs asefulproducts for

thermal management solutions. This is because they store and release thermal energy during the
process of melting and freezign other words, the change from one phase to anotler high
performance PCMs are still not used frequently as thermal storage in building construction and
some challenges exist regarding applying PCMs as building materials to be used in the building
enclosure. Currenthg lack oftechnicalkknowledge ohow to utilize PCMs g.g.,positioning and
climate) in building enclosurdsnits the use of PCMs in construction practice. There are several
significant potential benefits of integrating PCMs in buildingsirigoroving thermal comforand
reducing energy deand but further investigations are needed to assess their actual utilization and

benefits toward energy performance in building enclosures.

3.2 RESEARCH GOAL

The goal of this research te provide an overview of opportunities and challenges for the
utilization of PCMs in the AEC sector, a broader understanding of specifically promising
technologies, andclarificationof theeffectiveness of different applications in building enclosure
desigrsd especiallyfor exterior walls Some secondary goai$this resarch include:

1. Bridging the technical gap between known and functional applications of PCMs in

various fields outside of construction and their potential utilization speaific
building enclosure systems.

2. Examining the opportunity of utilizing PCMs in bdithg enclosureto enhance
thermal comfort.

3. Evaluating the contribution to energy savings by incorporating PCMs in building
enclosures.

38



3.3 HYPOTHESES

Since PCMs have beneficial applications in several fields, the hypotfdsis research is that

the utilization of PCMs as building materials in building encloswauld enhance the following:

1. Improving thermal comfortfoabui | di ngbés occupants by:
a. Maintaininga more constant indoor surface temperature,
b. Reducing perioslof overheating,

c. Insulatingtheinterior space from the outside temperature and storing heat to
be used later, and

d. Using a thin layer of PCM that maintains a constant temperature and could be
used to control the differences in temperatures across a layer of wall
componerst

2. Energy savings inlldings by:
a. Shifting loads to off peak tinse
b. Reducing heating and cooling loads, and

c. Minimizing running time of HVAC systems and reducing their load.

3.4 RESEARCH QUESTIONS

The following research questions were formulated to address the specific gapfe aldmaim
reviewing the current literature. Since th@alof this research is to assess the utilization of PCMs
in terms ofenergy performance in building enclosures based on-depth understanding of
impacts, benefits, and limitations of integratidime researcimas beermguided by the following

overarching question:

How can PCMs be utilized effectively to enhance building performance and improve thermal

comfort while reducing heating and cooling energy consumption in buildings?
This questiorhas beerurther broken down into the following two s@jestions:

1 How can PCMs contribute to energy savings in buildings and what arehe

mechanisms and systems that can be utilizéd achiewe these savings?

1 How can PCMsbe utilized in building enclosuresto improve thermal comfort and

reduce the range of internal air temperature differences?
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The outcoms of this researcincludedevelopng climate specific empirical models that explain
the behavior of PCMs when integrated inside building enclosures. In addigociimhate specific
response behavidras beerstudied to understand thariouseffects of different variables(g.,
melting temperature, latent heat of fusion, proportion of PCM, positioning within the building
enclosure, etc.) in the total thermal perhance of a building enclosure. Finally, an effectiveness
study has beermperformed to develop clarification amgiidelinesthat can assist designers and
engineers, as well as manufacturers in making perforriaa®ed decisions when implementing
or manufaturing PCM technologies.

3.5 RESEARCH OBJECTIVES

To achieve the proposed research goal and to answer the research questions raised above, the
following research objectives have been laid out. These objectives can be grouped into three main
categories antheyare discusseih regard tdheir purpose and context within the overall research

goal.

Objective A: Study P C M giperties and clarify the purpose of utilizing them in building

enclosures
This objective discugsthreedomains:

A.1l. Review existing applations of PCMs in different fields and their ability to control

thermal temperature
A.2. Study the thermal properties of PCMs that candetin construction practices

A.3. Review previous studies to understanel impact of utilizing PCMs in buildings on

thermal performance

To achieve this objectivdirst a general literature reviehas beerronducted to study PCMs in
building construction which was followed by a systematic literature review to focus tba
application ofPCMs in building enclosures. gystematic literature review typically defines an
analytical search method based on a set of keywords. The systematic literature review carried out
under this objective foces on keywordssuch asPCMs, enclosure, energy, comfostifting

loads, and posdning.
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Objective B: Presentselectioncriteria that can be used to choose practic&CMs for building
enclosures

This objectivediscusseshreedomains:

B.1. Review previous studies that include general properties of P@W practical
application

B.2. Damonstrate significant properties of PClsbeused in construction practices
B.3. Determine specific properties and their role when BG@k&utilized inabuilding

To achieve this objectivefirst a literature reviewhas beerconducted to studyhe generh
properties oPCMs After that,presenting thenportant properties that have to be consdearhen
selectng a PCM for building constructionThen,a systematic literature reviewasconducted to
specify certain properties and their efieah a buildingd such as the melting point aPCM.

Objective C: Evaluate the contribution of utilizing PCMs in building enclosures to thermal

comfort
This objective discusseBreedomains:

C.1. Study thermal comfort and clarify the relationships between utilizing REChslding

enclosurs and improving thermal comfort mbuilding

C.2. Develop thermal comfort metrics to indicate thermal cortifoet during certain pericd

and measure the differences between configurations in the study

C.3. Evaluate the effect of liting PCMs in building enclosures on reducing internal

temperature fluctuations

To achieve this objectivelaboratory experimenthiave been conductedDifferent climate
conditiors and different positioning in wallsvere considered to assess PCMs in difar
scenariosFor this objective, a PCMasevaluated in a testpparatusinder controlled conditions
to evaluate the thermal radiant performance of walls with and without R@#Isr different
temperatureconditions The evaluation includes monitoring bébw PCMs behave in different
climates, as well as their abilityo redu@ air temperature fluctuations in a roomifferent
positionsof PCMs within wall componentdavealso beenstudiedto evaluatethe relationship

between th@ositionPCMs in building aclosuresandthe thermal comfort of interior spaces.
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Objective D: Identify the effectiveness of utilizing PCMs on saving energy
This objective discugstwo domains:

D.1. Develop bad shiftingtime metricto indicateperiod of shifting load to off peakntie
and measure the differences between configurations in the study

D.2. Evaluate the effect of utilizing PCMs on shifting loads to off peak hours

This objective agaimas beerachievedby laboratory experiment®ifferent climate conditions
and different psitioning in wallsvasconsidered to assess PCMs in different scenarios. Wase
an evaluation of the effects of PCMs on energy saJrygdiscussing sensor positions daed

shifting timeon the exterior versus the interior side of wall components.

Heating and cooling cycles were usedrteestigde the effects of PCMs on energy sawsnin

turn, this providel insightsinto the relationship between the climate condition and the effects of
PCMs on reducingfluctuating range of temperatures for theenor spaceas well as their impact

on time load shiftingime. For this objective, assessimag interior and exteriopositioning of
PCMs inbuilding enclosurgin terms of energy efficienclias beerachieved using laboratory
experiments. Comparinte results identiied differences in the potential of PCMs shift loads

to off peak periodand evaluatéhe contribution othis shifting to overall energy savings

3.6 RESEARCH METHODOLOGIES

The studyrelies on an exploratory quantitative method research glesiwhich includesa

systematic literature review, laboratory experiments, waailation Generally, experimental
approach inexploratory quantitative methedcontairs four elements which are subjects,
materials, procedures, and measui@geswell 2014)to achieve the research objeetsv This
approach starts with a systematic literature review iarfdllowed by quantitativelaboratory

experiments ancesearch validatian

A systematic literature revieug necessary to obtain specific understandingf PCMs, their
successful application in different fields, and their potensalin building construction. In the
same waysuch a review of the literatutmsalsobeenusedto investigate the utilization of PCMs
in building construction and provide the weed statistical results to prove the benefits of

implementing PCMs in building enclosures. Timethod described in this researphovide a
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specific descriptiorof the process of PCM behavior during the experimesitgjebased on the
significance of diferent variables and measurable outcomes.

The systematic literature revieWwasbeenusedbothto developa broadunderstandinggf PCMs
under different conditionandto demonstrate impacts of individual scenarios on a larger scale of
PCM application. Firstdatahasbeen collectedfrom previous studies that hagéanilar design
conditions. Thenresultshavebeen analyzel to evaluate PCMs that can be used for laboratory
experimentsThe rationaleof this approaclwasto refine and expand results by explagitine
existing technical knowledge, agell as providing a broad picture of the opportunities and
challenges for the utilization of PGMn the AEC sector. Both data sdétare beenmerged into

one final output to provide better understandingf specificaly promising technologies and

applications in building enclosure design.

In this exploratory quantitativenethod approach, a systematic literature re\haw beemsed to
understand PCMs and their role in building applicationhe theoreticaktage and laboratory
experimentsvere conducted to collect quantitative data in the practtage In summary, @

achieve the objectives of this research, three mgaimoachebavebeenused in thigesearch

1. Systematic Literature Review

2. Laboratory Experiments

3. Validations
By usingan exyloratory quantitative approacthe goal of the researdtas beemchieved tend
with a practical assessment of application opportunities onthoffectively utilize PCMsin
exterior walls of buildingsis a wayo enhance buildig performance and improve thermal comfort

while saving energy.

3.6.1 SYSTEMATIC LITERATURE REVIEW

A systematic literature review is a methodology that identifies relevant studies, considers their
quality, and provides a brief synopsis of their results by uaisgientific examination of the
information that is available on a given tofiithan 2011) To this end, Khari2011)lists the five
preferred steps in a systematic review. These steps are: 1) Framing questions for a review; 2)
Identifying relevant literatte; 3) Assessing the quality of the literature; 4) Summarizing the related

information; and 5) Interpreting the findings.
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The systematic literature review methodology uses an approach that selects only specific studies

that meet particular criteria, meagithe studies that particularly emphasize the reliability of the

evidence that is produced by a previously published res@dachBaloyi and Jordan 2015Ylore

specifically, it uses a precise set of criteria by which one considers the precision artg o#lidi

previously published research as the primary feature of a systematic review (lbid.).

A systematic literature review methodology has been used in this research to narrow down the list

of relevant variables that have a significant impact on energygsand thermal comfort to

develop a guideline and experimental setup. The researcher started by specifying the research

guestions to conduct research on PCMs in general and for different applications in different

disciplines. Then, a set of keywords wasiged and used to determine the analytical research

method in relevant studies. This step was followed by studying PCMs in building construction and

t hei

r

uses for di fferent cli mates.

After

t hat

were considered by focusing on their impact on thermal performance. Finally, this method was

used to summarize the criteria for selecting PCMs for building construction and to select a PCM

that would be used in this researEigure (16)shows thamain steps of theystematic literature

reviewin the research

Specifying the research questions

N
Defining a set of keywords
7
Conducting a research on PCMs in general
N7
Studying PCMs in building construction
Identifying criteria of selection for PCMs in Building Construction
\Z
Focusing on PCMs in building enclosures
N

Selecting PCM for the research experiments

Figure (16) Steps othe systematic literature review
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3.6.2 LABORATORY EXPERIMENTS

An experiment is a test & hypothesisto study the actual relationship between two or more
variablegPatzer 1996)The purpose of aaxperiment iso studya cause ands effect(s)to define

the possibility of uses and implementatiofiis differs from norexperimental methods in that it
involves the deliberate manipulation of one variable, whilengyyio keep all other variables
constant(Holah 2006) The experimental method isne ofthe most scientific methodsand
experimenal researcltan be described #se cornerstone @research study due to thainrole
that experiments play in many sciendomains(lbid.). The experimental method could be
described as a systematic and scientific approach to invasgigéterent variables by controlling

one or more variablems a means tobserve and measure any change in other variables.

Typically, the laboratory experiment is conducted inetting expressly prepared for the research
studyandtwo main features: 1) the ability to investigai®actual causal relationshgnd?2) the
possibility to controla major component of the research stijehatzer 996). It is important to
keep in mind thathis methodologys typically carried out irrtificial environments with specific

control over individual variables.

3.6.2.1 LAB EXPERIMENTS INBUILDING CONSTRUCTION

Laboratoryexperiments are very common in buildingistruction because they allow researchers
more control over involved variables and they are etsi@lidatethe results. The main advantage

of this methodology is the possibility of replicability and studying under a controlled envirgnment
however atthe same time this is a drawback as it only validates results of an artificiality setting.
Laboratory experiments are widely used to study many types of materials and often test a product

later intheactual environmeniHolah 2006)

3.6.2.2 EXPERIMENTIN REGARDTO THERMAL PERFORMANCEOMFORT AND ENERGY

Thermal performance has been studied in experiments for dedad&878, Hannay Laret,
Lebrun, Marret, and Nusgensstuded experimentallythe thermal comforbf a room heated by
different produces, such asa radiator,a convector, and heated floor(Le Dréau et al. 2014)n

1980, Olesen et alconducted an experimental study for thermal comfort as a part of & large
research project dealing with the comparison of thermal comfort and energy consumption in a

room heated by different methodBhe purpose of such studiéms primarily beemo determine
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thermal performancand the parameters that could affedh idifferentdisciplines For example,
Lawal and Ojo(2011)assessed thermal performance of residentidgdibgs in field experimeist
whereadPeng et al(2013)conducted an experiment research to study the thermal performance of
a novel photovoltaic doublgkin fagade

3.6.2.3 EXPERIMENTS WITHPCMs IN CONSTRUCTION

Scientistsand researchetsave been experimengrwith PCMs for construction applications in
different wayslin several studies, specitxperimental conditionsere designed to studBCMs.
For exampleLin et al. (2005) studiedunderfloor electric heating systeswvith shapestabilized
PCM plate in a prototype houseDifferent PCMs were studied with different melting and
solidification processdhat were theexperimentally testeih thefield andlaboratory(on a larger
scalg in a shelandtube heat exchanger for various inlet temperatures ansl flnasratesMore
pertinent to this studyZastawnaRumin and Nowak(2015) analyzed thermal performance of
building components that contathPCMs in experimental study.

3.6.2.4 EXPERIMENTAL CONTEXFORRESEARCHAPPLICATION

In this researchaboratory experimeshave beeronductedo achieveobjectivesC andD, which
require a real experiment to fulfiheactual aim of this study. Moreover, experimemesecarried
out under these sectisto demonstrate the cause and effect withe experimental setting an

control of variables.

3.6.3 VALIDATION

There are several methods to validate the results of experimental research. The main two types are
internal validations and external validatioBxperimental research is the most appropsately

for drawingrelationshp betweercauseand effectsand mostexperimental research designs are
repeatable and therefore, results can be checked and variéeahlly (Center for Innovation in
Research and Teaching (CIRT) 2010)laboratory experimental research, better tesare often
achieved according to the controlled environmemd experimental research designs help to
ensure internal validity (Ibi)l Also, the experimental procedure andthod oftonducting testg

are the main parts of the internal validati{@resvell 2014) Therefore, ¢ validate the reswdtof

the laboratory experimentaninternal validation stratgghas beemsed. Different input factors

and different climate scenaribgve beemlemonstrated to realize the validation stratéggugh
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verifying the opportunityo utilize of PCMs in building enclosureandespecially in wall systems.
Validating the resustof the laboratory experimentsal internal validationshrough
1. Repeatability of the samexperiment fothe same specimen fthree days wh two

cycles of cooling and heating for each day with the same pararteetansfy the
resultof the tests. The repeatability has been used for all test configurations.

2. Sequential testing to validate consistency in conditions of the experjrtents
compae differentspecimens thatave facedhe same conditigrandto demonstrate
the similarities and differences in edelstresult.

3.7 CAPTURING OBJECTIVE DATA AND MEASUREMENTS METHODS

Various measurement methods and setups can support thermal perfoas@&ssenentbut
capturing objective data and numerical outputs for assessing the influence of PCMs on thermal
performanceis dependent on the measurements, equipment, and properties of the materials.
Commonly, theoretical and experimental analyses of a bgilis t her mal perform
conducted on three levels: material scale, system scale, and entire building-staler et al.

2015) However, in laboratory experiments, the assessment of PCMs and their effect on the thermal
performance of a building usually limited toananalysis of the material and systems scale. Since
PCMs have complicated thermpiysical properties, different measurements, and several
characterizations when they change phadefningtheir thermal characterization is essental
assessindheir impact onthermal performanceMoreover,doing soprovides reliable data for
assessments. Also, the most conventional equipment and matieadsnmonly designed to test

solid or liquid materials with a steady state temperatAfernaively, sometechniques are
designed to test small, pure, and standardized materials, which do not undergo changes in
properties during temperature chadgaich as susooling and significant variation of the thermal

conductivity.

However, nowadays, theage particular technologies that are available for measuring the thermo
physical characterization of PCMs, specifically latent heat of fusion, melting/freezing temperature,
enthalpy temperature, and thermal conductivity and diffusivity of the materialst didhese
measurement techniques and equipment have been developed in different research centers and
universities to analyze thernphysical properties of PCMs. These measurement techniques
include, for exampleDifferential Scanning Calorimetry (DSQJe Twin bath methodT-history

method, Tt comparative curveé Ko S n y, Panél fe& pxperimental sgp, Simple thermal
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analyzer, Thermakst device, Energy balance setup, R&iMheat exchangers sap, Test room
from Fraunhofef{Cabeza et al. 20153nd wall simulatorg¢Evers et al. 2010)

The most commonlysedand widely acceptetechniquedo determine the properties of PCMs
and how they react according to temperature changehadifferential Scanning Calorimetry
(DSC), Differential Thermal Arlgsis (DTA), the Fhistory Method,Dynamic HotBox Testing
Method (DHBTM)( Cabeza et al .,anwal dmulatttoi@ differert striickual
systems in test apparaéssand chambesr (Vicente and Silva 2014)This research usean
experimental wall simulator (EWS)ith thermocouple sensors inexy layer of the speciens to
record datahe method to capture the objective deéagyure (17)shows a screen shot of the raw

data recording during experimental time.
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Figure (17) A screen shot of recording raw daygaHOBOware software

3.8 EXPERIMENTAL WALL SIMULATOR (EWS)

This method has been used for many experiments and research studies. It was developed to
measure heat transfer through building enclosure assenabliestudy the impact of PCMs on
different evaluated factorft has two maimarts 1) A 5.0 cu ft chesfreezerto be used asclimate

cell for the test apparatuso simulate different weather scenaribg replicating cold exterior

temperaturesand three light bulbs (40 watts each) to create the hot exterior temperatures within
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the chest forromparisonand 2) Wall specimes with different configurations (component and

thickness) tsimulate acommon wood framed stud wall with cavities

The EWS methodhas beerused to assedbe effects otifferent PCM specimensn different
positionsonthemal performance of building enclosure componefitee benefit ISEWS s that it

is capableof changng theexternakemperatureand controlling the exterior spafoe certaintime.

It is thereforeused to test the thermal performance of-homogenous spémens, such as
complex wall assemblies, cavity walissulatedwalls, or walls with PCM. This is done by
controlling the temperature dhe exteriorside of the material antieasuring iternaltemperature
fluctuation which can be used to determine thermal transmittance of a similar material as well
as different materials for tested specimdrigs research useEWS fortestingdifferent types of
specimens irthe laboratory experiments a means tassess the influence of PCMs on thermal
performance A detailed description of its featuresnd components are discussed in the

experimental setup.

3.9 DEPENDENT AND | NDEPENDENT VARIABLES IN THE EXPERIMENTS

This research focuses on studying a PCM in different positions within an enclosure assembly as
well as nvestigating the practical methods of implementing PCMs for different climate
temperatures. This has resulted in tangible benefits, emphasizing the features of utilizing PCMs in
building enclosures by conducting practical experiments and illustrating thieesc t of a PC
position on thermal performance. Also, these experiments clarify how the method of utilizing
PCMs can play a major role in reserving energy and improving thermal comfort for building

occupants.

Several variables have a significant impaaot the assessment process and these variables are
divided into two groups: 1) dependent variables and 2) independent variables. The group of
dependent variables incudes thermal comfort, load shifting time, and PCM behavior, and the group
of independent vaables includes PCM position, PCM guantity, thickness of insulation, heating
and cooling timeandexterior and interior temperatures as showFRigure (18) Consequently,

this research shows the variations of PCM positioming their impact on thermal performance

according to the dependemeasurable variables.

The laboratory experiments have a replicability feature, which supports the results and clarifies

the practical implementation method of PCMs. More specificallyubying hot and cold climate
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scenarios and changing the position of a PCM layer in a building enclosure, the fluctuation of the
interior temperature was perceptible. Therefore, the laboratory experiments allow the specific
effects of independent variables dependent variables to be measured. This makes it possible to
establish cause and effect relationships between variables. Moreover, the controlled conditions of
laboratory experiments allow the researcher to isolate variables more effectively thamywith a
other research method. This further allows the researcher to accurately measure the exact effect

that other independent variables have on the dependent variable.

Dependent and Independent Variables

Laboratory Experiments

Dependent Variables ‘ ‘ Independent variables

PCM Position

Thermal Comfort

PCM Quantity

Load Shifting Time ‘

“ PCM Behavior Thickness of Insulation

Heating & Cooling Time

—— Exterior & Interior Temperatures

Figure (18) Dependent anthdependent variables in the laboratory experiments

3.10 EVALUATION CRITERIA TO CHARACTERIZE THE | NFLUENCE OF PCMs

The evaluation criteria in this researale divided into two main groups to characterize the
influence of PCMsThese groups ard) evaluation criteria to characteradPCM6 s i nf |l uenc e
thermal comfortand 2)evaluation criteria to characteriad®CMd s i n f lenemgysawngso n

Working on these two factoris very important for evaluating PCMb6 smpact on thermal
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performancevhile, atthe same timethese criteria may also elucidate tieedfor moreconcen

in order to reach more rational level of resource consumptionJohansson et ak2012)
demonstrate (in their analysis othe global range of energy usasptalmost33% of the energy
generated is usedr building operations and most of thesergy isused forair-conditioners to
provide thermal comfortor occupants. They shaa the possibility of reducing thiotal global
energy use for heating and cooling by 46% in 2@&0npared with 200530y using best practices
in design, construction, and buildy operation technologyeven with increasing demand of
thermal comforinside buildings.

To characterize the influence of PCMs on thermal performance, certain objective datt feed
realized bya data extraction method to support the assessmentlizingtiPCMs in building
enclosurs (Mavrigiannaki and Ampatzi 2016pata extraction is the act or process of retrieving
data out of (usually unstructured) data sources for further data proc€gghmg 2016) The
extraced datacomefrom unstructured da sourcesvith different data formats. Bunstructured
datafor this researchamein theform of indexesand incluedtotal time from connecting sensors
to export dataUsing this method is useftdr havingthe data in understandalitegms for certain
times. Also, it is beneficialfor sorting and arrangng datain order toassess thermal performance
of building® as it supportslassifying data foranalysisand clarifying tracking sources for several
parametershatcan affectdata analysisThis methodhas beemised to cleanbjective data for the
assessmentwhich was used to identify how PCMs can affect the thermal performanca of

building. Thisdata include:

Profiles of wall temperaturewith and without the PCM layer,
A set of data for different grimens for each configuratipn
A chart view of sensors readings for all wall layers

Temperature changes in the PCahdexteriovinterior temperaturgs

= =2 2 =4 A

Temperaturesacross walls showing the differences betwdgwmormal wall and PCM wall,
and

1 Temperatre profile changeduring the melting and freezing process
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3.10.1.1 EVALUATIONCRITERIA TOCHARACTERIZEA PCM® INFLUENCEON THERMAL
COMFORT

Thermal comfortas defined by theAmerican Society of Heating, Refrigeratingnd Air-
Conditioning EngineerfASHRAE) is tle state of mind that expresses satisfaction with the
surrounding environmed@tas assessed by subjectexaluation Thermal comfort is required by
ASHRAE Standard 52013 for Human OccupancYyASHRAE 2013) Therefore, poviding a
comfortable thermal environemt thatsatisfiesits occupans is an essentialconsiderationfor
building designers and builders

Maintaining thermal comfort in building construction is one of the most important aims of HVAC
systemsNormally, the suggested room temperature is-28.5 °C in the summer and 2123.0

°C in the winter(Zhou et al. 2012)Thermal comfort is a combination of a subjective feeling
(personrelated and objectivdeeling(environmentrelated (Fanger 1972)There arenumber of

factors that influence thermatomfort. According to thelnternational Organization for
StandardizationSO (1984) the six primary factors that directly affect thermal comfort can be
grouped into two categories: personal factors and environmental factors. Each of these groups has
different factors that affect thermal comf@&hvironmental factors includsr temperature adiant
temperaturerelative lumidity, and air velocitypersonal factors includeothing insulation and

activity level.

Most assessments of thermal comfepregnt a combination of subjective data (how building
occupants feel) and objective dé&nvironmental parametersamuilding) (Martinez 2016)Since
the experimentbave beemronducted by using a tespparatus an enclosed system focusing on
building design, this study usel objective daa only (specifically thetemperaturen different

settings) to assess the impact of PCMs on thermal comfort.

This research focuses on the thermal performance of a building and therefore, the objective data
has been coidered based on different amosimif a PCM, different insulation thicknesand
different climate scenaridsas well as changing the positioning of the PCM layer. The data was
collected throughmultiple laboratory experiments for all specimens to compagedntrolwall

(without PCM) to theexperimentaPCM wall. Moreoverthis research focuses on interior and
exterior temperature as a significant element for tlevaluation criteriato characterize the

influence of PCMs on thermal comfofithe exterior temqeratures were constant across all series
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of tests Thetemperatureweremeasured aine minuteintervals forall experiments with the same

instrument and sensoirstwo cycles otlimate conditions.

The interior surface temperature used in all experigienindicate the differencesom PCM
positioring on thermal comforuseda metric for thermal comfort degree minutes (CDM) for hot

and cold perioslof thetestgAbuzaid and Reichard 2018)his researchdeveloped metr&termed

Cooling Comfort Degree Miutes(CCDM) and Heatingcomfort Degree MinuteHCDM) that
integrate the difference between room temperature set points and resorideg temperatures
against a temperature threshold (replicating the thermostat reaction range) for each PCM position.
The following equations represent theetrics for CCMD and HCMD

H#S- & O i EIAAGE O
(#9- o O ¥ AIAG, O
where
tsi € the interior surface temperature in AC

thc € t he r ef er eooliogetenfpéradiureenss® o | d
tnh € t he r ef er eooliogeten{perdtureens@® o | d

pomé the time interval i n minutes

3.10.1.2 EVALUATIONCRITERIA TO CHARACTERIZEA PCM® INFLUENCE ONENERGYSAVINGS

Energy savings in building applications is importdnting different seasonand represents a
challenge in many areaBCMs are cosideredto beone suchadvanced energy technolpfpr
thermal energy storage systetiat could address this issténere are different criteria to describe
the impact of PCMs on energgavings Dincer (2002) and Mavrigiannaki and Ampatzi2016)
discussd and proposgthe most significant criteria that can be used to evahR@&M6 mfluence

on energysavings These criteria include six main groups, which are: context and application,
element attributes, thermal properties, element performance, impleimeraapects, and test
conditions In the first group (context and application), there are different parameters that effect
the influence of PCMs oenergy savingsThese parameters are element, application, climate,
season, auxiliary system, control, antérnal gains. The parameters of the second group (element
attributes) are PCM type, PCM amount, and thickness. Fahittegroup(thermal properties

the parameters includenergy density, thermal capacity, specific heat capacity, conductivity,
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tempeature range, super cooling, storage duration, and discharge time. The parfondters

fourth group €lement performangare latent heat storage effect, surface temperature, and room
temperature fluctuation. For tfigh group (mplementation aspeqgithe parameteiaclude cost,
environmental risk, health/safety, lifetime of the material, and finishing design. The last group of
the criteria, which is test conditions, has two parameters: method of investigation and method of

verification.

Since thigesearchhasbeenconducedusinglaboratoryexperiments in an indoor environment and
the assessments dsthe samdé?CM material with different implementations,can be said that
the testsusal certain criteria from th@aforementionedyroups to describéhe impact of PCM
positioningon energysavings These criteria include element, application, clinfat#/cold) and
position fromtheapplicationand contexgroup, along with PCMyjuantityand insulation thickness
fromtheelements attribute group. Alsthetests used in this researcleludesurface temperature
and room temperature fluctuation fréheelement performance groudoreover, all hesecriteria
takeinto accountthe method of investigation and method of verification as paraméietest

conditions criterido evaluate theffect of PCMs orenergy savings.

To characterizeP C M inffuence orenergysavings load #$ifting time (LST) has been measured

in all configuration typs of the test during heating and coolipgocessesThis measumaent
investigated the impact aPCM& position onLST. The analysisfor this evaluation wabased

on the comparison of the crossover points of temperatures when changing from cold to warm
phases and vice versa in the different experimental cycles. Gtwelesl timehas beeronsidered

asan indicator for the amount of pe&lbour shift that could be achieved for a given assembly. The
underlying assumption is that any capability of capturing internal thermal loads of heating or
coolingprocesseand shiftingthem to offpeak periods could contribute to energy savings, either
through short term changes in climatic boundary conditions at the shifted timeugeegof

economizers), or alternative grid demand and generation cost.

The analysisisedanarithmeticandgraphicalassessment method through scaled result diagrams
to evaluate the ability of latent heat storage in different posit@mshift peak loads aro discus
notable savings potentialhe interior surface temperature used in all experismiadicatel the
differences of PCM positiong on energy savings by using metric foad shifting time(LST).
This metric has been used to measure the time lag of load shifting in hot and cold pettieds of

tests.Thedeveloped metrizvasused to calculatthe difference betweeload shifting timefor the
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reference wall (specimen without PCM) ahe other walk (specimen with PCM in exterior and
interior positiors). The reference point of this calculation is the twentheexterior temperature

crosseshe surface temperatutéresholdand swittiesbetweerhot andcold periods.

The following equation represesthe metricof LST incold andhot periodsfor eachposition {.e.,
the equation for exterior position calculation)

, 34 4 4 a ERsj and ER: = Tavg ts,i

Where

4 y € thetime of exterior positiorfin mins)atinterior surface temperature

4 € thetime of exterior positiorfin mins) atexteriortemperature

4 r € thetimeof (in mins) at average surfacemperatures of all positions

The assessmentf LST depend on the crossing time othe exterior temperaturehe interior

surface temperaturend the average surface temperatures of all pos#tiohthe specimes

Calculating load shifting time has beased in hisresearch to demonstrate #&féects of different
positions of PCM in building enclosures, different amosmif PCMs, and different thickness

of XPS integrated with PCM on thermal performancetmparative analysis
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4 RESEARCH DESIGN AND OVERVIEW

4.1 RESEARCH STAGES

The intent of this research is to investigate the impact that PCM composite matesifigve on
energy savings and thermal comfort when implemented in building enclosures. Specifically, this
study examingthe effects oftte position of a PCM withia building enclosurainderdifferent
climate scenarios. This research assstbe variation ofPCM positioningin a building enclosure

to investigate the potential opportunities of implementing them as thermal storage itoorder
reduce the heating and cooling loads moprove thermal occupant comfortimdoor spaces.
Furthermore, this research colliedata and measurements from practical experistengaina

better understanding of material property and impacts.

As shownin Figure (19) this research investigatthe positioningof PCMs in building enclosures
andstudestheir impact on energy savings and thermal conifoitiree mairstages

1. TheoreticalStage
2. PracticalStage
3. Review and ValidtionStage

Research Stages

Overview

* Literature review
* Systematic literature review
* Study popular PCM in BC
* Study PCM for building enclosures
R il il © Clarify PCMs selection criteria
* Select a practical PCM for the experiments
Stage * Develop thermal comfort metric
|T5] * Develop metric to study load shifting time

* Prepare a Experimental Wall Simulator (EWS) to conduct laboratory experiment
* Assessment of PCMs in laboratory experiments

* Study variation positioning of PCM in building enclosure

* Study the effects of positioning PCM on thermal comfort

* Study the effects of Positioning PCM on load shifting time

* Using internal validations strategies to validate the results of the PS

* Review the outcomes of the PS and compare the result

* Repeat and compare the result of the assessment in the same parameters

T a5 il © Validate the result of the assessment against different climate conditions and positioning
Validation B Verify the PCMs’ applicability in building .enclosure

* Present the outcomes of the study and discuss the results

Stage * Finalize this stage and formulate recommendations for Positioning PCM in BC to AEC.
(RVS)

Figure (19) Threemainstages of research
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4.1.1 THEORETICAL STAGE

This stageincludes asystematic literature review the existing applications of PCMs in different
fields. The systematic literature reviehas beeronducted to study the general charasties of
PCMs their successful applications in different fieldadcriteria of selecting PCMs fduilding
applications Then,onepractical and available PCM, which could improve building performance
according to their propertielsas beegonsidereds a sample material to be assessed and examined
in building enclosures. Th&tageincludes the following steps:

1. Apply the systematic literature review,

2. Study the most popular PCMs and their applicab{ispecially in building
constructio,

3. Study exising PCM applications in hot and cold climates,
4. Clarify PCMs selection criteria,

5. Study PCMs that are available and define their applicatfditymplementing in
building enclosures,

6. Select the most functional PCMs to test their applicability of implenientan
building enclosurgaccording to their propertieand

7. ldentify the selected PCMs and their properties,

8. Study the requirement of laboratory experimettitsir instrumentatiorand
measurement tools setugnd

9. Developmetrics for evaluaton.

At the end of thisstage the specification and properties of the selected Ry clarified and

prepared for the practicatage.

4.1.2 PRACTICAL STAGE

After studying and selecting the applicable PEkhe practicalstagecommencd. This stage
utilizes laboratory expriments to test the researbippothesesnd discuss thpostioning of a
PCMwithin building enclosureandits utilization for thermal performancé-igure (20)shows the

cycle of laboratory experiments
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Hypotheses

Induction / \ Deduction
[

Test of Predictions

S~

Observation

Figure (20) Cycle oflaboratory experiments

Run Experiments

In this stage, laboratory experimemtgre conductedand a environmental teshpparatusvas
selectedo testonePCM in different positios inregardio thermalperformanceT he tesapparatus
wasplaced indoors withinhie laboratory facilities of the Department of Building Construgtion
whichenablel thetesting of PCMs under controlled climate conditions, while conducting different
climate scenarios for selettperiods of time. Performing the testing in thparatusllowedthe
researcheto monitor and control experimental and environmental conditions and parameters as

well as to nitigate outside influences thahay haveaffectedtest results.

The sameapparatusvasused for all tests witthe same properties, dingans, and equipment.
The apparatuswas enclosedalong four sidesand openedn one side(where the enclosure
specimenwas placed. The experimemstwere conductedunderdifferent climate scenarios and
within different temperature rangeBuring thelaborabry experiments, the ability of PCMs to
improvethermal comfort in buildings/astested andas well as their abilityo shift peak loads to

off peak time.
The practicaktageincludes the following steps:

1. Prepardhe apparatusde conduct the practicaixperiment,

2. Perform a calibratiotestfor sensors to verify theneadingaccuracy
3. Create an assessment baseline of the experiment,
4

. Evaluate the performance tle PCM in different climate scenarios,
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5. Place selected PCMs in the building enclosure andlifterent climatescenarios
measuring the differences in temperatures, and studying the effects of the climate
condition on the performance of the PCM,

6. Apply thePCM in different positioato evaluate and assess the applicability of
utilizing PCMs in buitling enclosureand study the effects on thermal comfort and
energy savings

7. Define the applicability of PCMs tionprove thermal comfort

8. Define the applicability of PCMs to shift part of the heating and cooling load-to off
peak hours when there is lesergy demand within utility gridsand

9. Verify the PCMs properties agthermalenergystore that can be used in building
enclosures

4.1.3 REVIEW AND VALIDATION STAGE

To validate the resudbf the laboratory experiments, internal validations stratdgesbeen used
to verify the results of the practicatage Different climate scenariosith different input factors
were usedo realize the validation stratedpy verifying the opportunity of utilizing of PCMs in

building enclosuregandespecially in wall systmsg.

This approach analygéhe outcomes and presemésults of the assessmehtough avalidation
of the resultsThis stageincludes the following steps:
1. Repeating of the assessment test of the spesisexeral times to verify the result as
internalvalidation,

2. Compaing the result okelected specimsiin laboratory experiments witbther
specimes (e.g.,internal position vsexternal positionl layerof PCM vs 2 layers of
PCM, and layer of XPS vs3 layers of XP¥using thesameparameters asternal
validation

3. Verify the PCMsd appl isanditbfunctionalyoleitorbe bui | di n
used in building construction,

4. Analyze the outcomes and present results of the assessment of utilizing PCMs as a
building component in building enclo®s,

5. Present the outcomes of the study and discuss the results, and

6. Finalize the validation stage amariulate recommendations for the implementation
of PCM in buildings construction tine AEC.

After finalizing the review and validatiostage the reseatt introduces an assessment of results

that can be used by building owners, building designers, and building contractors to help them in
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selecting the proper positioning of PCMs in building enclosures datdrmining the best
implementatiorstrategy dependg onclimate conditions.
4.2 RESEARCH METHOD APPLICATION

Figure (21)shows an overview of the research objectives, mettamdsoutcomes of the study. It

presents the links between the research sections and the internal and external validations.

[ Objectives ] [ Methods ] [ Outcomes ]

Finding Validation o
Study PCM einiinintab - Criteria to 1)
>tudy PCMs \ Applicability Select PCM
in Buildings 1 of PCM in elect 5
1
: 3
1
1

[
I - for Buildin,
Syst. Lit. . . . - or Building
: Review 3| Lit. Review Buildings Applications
‘:' [
Present selection ! i | PCMs for Building Enclosures |
criteria ____I ____________________ i
T /
o I -
\
- ~ Positioning
Evaluate PCMs ,L \l Impact PCM Behave
Contributions to | | on Thermal in Diff. Temp.
Thermal Comfort 1 I Comfort
1 Laboratary Repetition I
| —_—
| Experiments Comand. 1 N J/
07 I parison 1 o
Identify PCMs : T | | )
Effects on saving : | Positioning Application
energy \ /" Impact on of PCMin
e Energy Savings Diff. Climate
. /
Finding Path ——  Validation Path (internal] — — Validation Path (external) —— Qutcomes

Figure (21) Researchiesign overview

4.3 MAIN STEPS OF THE PRACTICAL STAGE

As mentioned in the researdesign the research has been performed in three main stages: a
theoretical stage, a practical stage, and a review and validation stage. The practical stage includes
laboratory experiments that are described in this sectiafatify the process of each test in the
researchLaboratory experiments have been used to study the performance of the PCM in different

positions within the wall specimen and its impact on the interior space in terms of thermal
performancevhen exposeditdifferent exterior temperatures.
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The experiments have been conducted under conditions with identical construction, dimensions,
equipment, and building materiélexcept for the specimens used in the normal wall and the PCM
wall. The temperature conditisrof the interior and exterior space were measured and compared
for all experimental tests. The monitoring of both spaces was performed over three days of hot and
cold climate for each position, with data being recordednatminute intervals. This pracil

stage concentrated on a comparison process of different specimens to determine how they behave
in different situations and includes six main steps.

In step (1), the experiment facilities were arranged, and the test apparatuses were prepared. The
specinens of a 30x 30 cm (1x1ft) wald based on a common wood framed stud wall with
cavitie® were assembled and all cables from the sensors were connected to the data logger and
then from the data logger to a computer. In this step, the equipment that wagrussaddaring,

testing, measuring, and simulating cold and hot weather was determined in order to begin
experimenting in the next step.

In step (2), a calibration test of the experimental sensors was conducted to ensure they had the
same readings and recorg temperatures (i.e., identical setup). The result otésiss shown in

Figure (22)and thesensor&correlatiors are included in AppendiQ.3,

Calibration Test of Sensores

24.00

23.50

&
2

22.50

I
3

Temperature (°C)
N
3

N
8

20.50

20.00

0:00 12:00 0:00 12:00 0:00 12:00 0:00

Time

Sensor 1 Sensor 2 Sensor 3 Sensor 4

Figure (22) Calibration estof sensors
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In step (3), a specimen for a normal wall (without PCM) was assembled to be used as a baseline
for the comparison prcess of the final output of the experiments. The specimastested and
exposed to cold and warm periods for three days. The data was collected from this step and used
as a reference point within each test configuration to compare between the normaadWGM

wall to illustrate the effect of PCM positioning on thermal comfort and load shifting time in cold

and warm climates.

In step (4), a specimen with PCM in the exterior cavity was assembled and tested. The PCM was
placed close to the exterior spdmdween an insulation layer and an oriented strand board (OSB)
layer. In this step, cold and hot climate scenarios were applied, and data was collected to illustrate
the effect of the positioning of a PCM on thermal performance.

In step (5), the process waepeated for steps (3 and 4), but with placing the PCM in the interior

cavity between an insulation layer and gypsum board.

In step (6), all data was collected and processed to be used for interpretation and evaluation. After
that, the findings were stigdl to give a summary of the overall assessment of placing a PCM in
different positions within building enclosures under different climate conditions. At the end of this
step, the outcomes were finalized for review and validaEigure (23shows a detailed workflow

of the laboratory experiments and highlights the main steps including duration and sequence.
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5 LABORATORY EXPERIMENTS

A comparative study has beeonducted to evaluate the impact of PCM implementation in a
laboratory indoor environment to enaltetesting of PCMs under controlled climate conditions,

while focusing on different dependent variables for fixed periods of fiime testapparatusvas

placed indoors within the laboratory facilities of the Department of Building Construntitie

Building Enclosure and Systems Technolagb (BESTLab) inBishopFavraoHall at Virginia

Tech. Conducting all tests in a lab setting alledvfor the monitoring and controlof the
experimentds environmental conditions and par

influence® such as solar radiation and winds, which would otherwise affect test results

5.1 EXPERIMENTAL SETUP

The experiments were conductéd the same laboratory space, utilizing the same material
properties, dimensions, equipment, and temperature ranges to study the differences between the
results collected from the different positions (exterior and interior sides of a wall cavity) of a PCM

in a building enclosure in comparison to a wall without PCMs. These experiments were conducted
under controlled conditions for a set running time for heating and cqulirogs®f 12 hours each.

The evaluation included monitoring how PCMs overall behawkfierent temperature ranges and
positions, as well as their ability to reduce temperature fluctuations across wall components and

influence peakoad shifting.

The Experimental Wall Simulator (EWS) was used to conduct the laboratory experiments. EWS
has two maincomponentd) a test apparatus based on acb.& chestfreezerand 2) specimens

to simulate different types of wall configurat®mThe chesfreezerwasutilized to facilitate and
control the exterior temperatures. While the freezer prouideaooling source for cold exterior
climate conditions, three A¥ incandescent light bulbs provided the heating source to create the

hot exterior temperatures within the chest compartment.

The experimentsvere conducted by creatingold and warm periodst o0 moni t or t he
behavior in specimens and study their impact on the interior surface temperature. The PCM was

further tested in an exterior and interior position of the building enclosures to assess any changes
and compare them with the baseline vepkkcimen that did not contain a PCM lay&gure (24)

shows the xperimental setupf the study and illustrates how the equipment and devices were

connected.
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Figure (24) Experimental setup with data logger and computer

Since thevolume of the exterior climate side in thepparatuses is limited, theadiative
contributions of théneating sourcéada significant impact on the exterior surfaeeperatures

of the specimerThus, the radiant shieldlasplacedat a distance of 5 cm frothe exterior surface

and equipped withsix miniature fans for contrdled constant convection along the specimen
surface.Figure (25)shows the heating source and radiant shield that have been used in the

experiments.

Figure (25) a) Heating sourcand b) radiant shieldith six fans
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In this study, the thickness the gypsum board and the O8Bclosing of the wall cavityere
keptidenticalacrossall testseries The interior temperatur@as controlled through the fixesr
temperature of thelosed21 nt lab spaceIn all experiments, eight thermocouple sensors were

used (HOBO type TM@iD and TMGHC) to record temperates. Two sensors were used to
measure temperatures with relative humidity (type RHPCB) to capture exterior and interior
conditions. To capture the changes in the PCM phase, a temperature sensor was placed on each
side of the PCMFigure (26)shows the placing of a PCM layer in the exterior and interior positions

with attached sensors on the siless well as the interior surface of the specimen (gypsum board)

with an attached sensor to record interior surface temperature.

a) b) c)

Figure (26) a) PCM in exterior position; b) PCM in interior position; and c) interior

surface of specimen

The interior surface temperature is important for comparing different positions of PCM
application. In this case, a shield of XPS was used to ptbesensor of the interior surface from

being directly affected by the interior @ionditioning system or any other effect that could occur

in the lab (such as people movement, which could also affect sensor readings). The shield was
designed as an ensled box with one side open to keep the sensor in a ventilated space and prevent
generating any hot or cold temperaturegyure (27)illustrates schematicallythe EWS with

interior and exterior setup configurations as wellhe&sposition of sensors utilized in the study.
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Interior

Int. Surface Temp. Sensor (ts,i)

Sensor Protector
—_—

() Room Tem perature Int. PCM Temp. Sensor (tpcm,i)

Sensor (ti)

Int. Cavity Temp.
Sensor (tcav,i)

Ext. PCM Temp. Sensor (tpcm,e)

Ext. Cavity Temp. Sensor(tcav,e)
Ext. Surface Temp. Sensor (ts,e

Exterior Temperature Sensor (te)

(D Temperature Sensor in Each Layer

3 Light Bulbs (40 watt Each)

Exterior
5.0 Cu. Ft. Freezer

Figure (27) Schematic diagram of the experimental setup and sensor pasitions

The experimentwereconductedinderidentical conditions for all wall specimens. They also used
the same equipment foneasuring and diecting data.Wireless HOBO ZW data nodes and
sensors were used toeasureand logthe temperatures of the interior (roeme) and exterior
(chestside) air, inside and outsidsurface,and several other temperatures across the different
layers of the wdl componentsTable @) shows the taxonomy used for referencing these sensors

and their correlating positions throughout this study.

Table (4) Sensors and positions.

Sensor Name Position
ti Interior roomtemperature
ts,i Interior surface temperature
tcav,i Interior cavity temperature
tpem,i Temperature at interior side of PCM
tpcm.e Temperature at exterior side of PCM
tcave Exterior cavity temperature
tse Exterior surface temperature
te Exterior emperature
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The data loggersvereconfigured to collect data ane minute intervalsFor controlling the time

of warmandcold periods, wirelessly programmable WEMO switch devices were used to control
the duration of hot and cold exterior climate cyclesmaintain temperatures during these periods

at fixed Aexterioro levels within the <chest
controllers (WILLHI WH 1436) to control the exterior set point temperatures during the hot and
cold climate periodsofr each scenaridzigure (28)shows the control panel utilized in the study

and devices that have been used in the experiments for controlling temperatures and recording
data.

Digital Timer
Cooling

d)

Figure (28) a) Control panel assbly; b) data logger node and receiver; c) tir

modules; and d) temperature contraller
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5.2 DESCRIPTION OF SPECIMENS

The design of the studied specimens was based on a common wood framed stud wall with cavities,
which werethenfilled with different PCMs ad insulation configurations (expect for the reference

wall, which had no PCMs). The specimens were mounted into franseke ofextruded
polystyrene (XPS) foarandconsisted ofjypsum board fothe internalsheathindayer, XPS for

the nsulation layes), the PCM (bio-based PCM matand an oented strandboard (OSB) for the
external sheathing layer.

The insulation type was2.5 cm thicklayer of XPSfor a better linear comparison. All specimens
had the same dimensions of ¥@0cm with total thicknes®f 12.2cm. Lightweight building
materials such as gypsum plasterboards, XPS, and OSB were used with relatively low thermal

mass in each test.

Four base configurations for the tests were investigated in the laboratory experiments, varying

either the numbesf PCM layers P) or the layers of insulatiorX( as follows:
Configuration 1: For 1 layer of PCM and 1 layer of XPS (indicateB1x1)
Configuration 2: For 1 layer of PCM and 3 layers of XPS (indicated1X0)
Configuration 3: For 2 layers of PCM andayer of XPS (indicated blp2X1)
Configuration 4: For 2 layers of PCM and 3 layers of XPS (indicateeR{B)

Furthermore, within each of these configurations, there were three additional specimens to

represent the positioning during the test in the latmoy experiments. These specimens are:
Specimen 1Without any PCM (indicated byP)
Specimen 2With PCM layer(slonthe exterior side of the cavity (indicated BFp)
Specimen 3With PCM layer(s)onthe interior side of the cavity (indicated i)

In total, 12 specimens were used in the laboratory experiments and described according to their
components with the aforementioredobreviatioretters to indicate their positions and layers. For

example:
EP1X1: For the specimen with exterior positioning oyer of PCM and 1 layer of XPS and

IP2X3: For the specimen with interior positioning of 2 layers of PCM and 3 layers of XPS.
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Figure (29) Figure (30) Figure (31) andFigure (32)demonstrate the tested specimens with

detailed components and thicknesses in different test configurations.

EP1X1
Exterior Position (EP)
1 Layer ID Description Thickness
; 1 0SB Sheathing 1.9cm
A 2 1-Layer of PCM 0.5cm
" 5 3 Air Gap 6 cm
o
. . 4 1-Layer of XPS 25cm
< Exterior Interior !
B 5 Gypsum Board 1.3 ¢m
| -
v
& IP1X1
=
— . Interior Position (IP)
o 5 Layer ID Description Thickness
> .
O 3 1 0SB Sheathing 1.9cm
o A 2 1-Layer of XPS 2.5 cm
°
o 5 3 Air Gap 6 cm
% Exterior Interior 4 1layerof PCM | 05cm
— 5 Gypsum Board 1.3 ¢m
i
-
x NP1X1
-
o . No PCM (NP)
5 Layer ID Description Thickness
3 1 0SB Sheathing 1.9cm
4 2 1-Layer of XPS 2.5¢m
3 Air Gap 6.5 cm
Exterior Interior 4 Gypsum Board 1.3 ¢em

Figure (29) P1X1: Specimens (sections, layers, and thickness)
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1 Layer of PCM & 3 Layers of XPS

P1X3

EP1X3

L Exterior Position (EP)
5 Layer ID Description Thickness
3 1 OSB Sheathing 1.9cm
4 2 1-Layer of PCM 0.5 cm
5 3 Air Gap l1cm
Exterior Interior 4 3-layersof XPS | 7.5cm
5 Gypsum Board 1.3cm
IP1X3
Interior Position (IP)
1 Layer ID Description Thickness
; 1 0SB Sheathing 1.9cm
4 2 3-Layers of XPS 7.5¢cm
5 3 Air Gap 1cm
Exterior Interior 4 I-layerof PCM | 0.5cm
5 Gypsum Board 1.3cm
NP1X3
1 No PCM (NP)
2 LayerID Description Thickness
3 1 0SB Sheathing 1.9cm
4 2 3-Layers of XPS 7.5 cm
3 Air Gap 1.5cm
Exterior Interior 4 Gypsum Board 1.3cm

Figure (30) P1X3: Specimens (sectignayers, and thickness)
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2 Layers of PCM & 1 Layer of XPS

P2X1

EP2X1

Exterior Position (EP)

i Layer ID Description Thickness
3 1 0SB Sheathing 1.9cm
4 2 2-Layers of PCM 1cm
5 3 Air Gap 5.5cm
Exterior Interior 4 1-Layer of XPS 2.5 cm
5 Gypsum Board 1.3cm
IP2X1
Interior Position (IP)
1 Layer ID Description Thickness
2 1 0SB Sheathing 1.9cm
3 2 1-Layer of XPS 2.5cm
4 3 Air Gap 5.5 cm
EXtEFiO:’ Interior 4 2-Layers of PCM 1cm
5 Gypsum Board 1.3cm
NP2X1
No PCM (NP)
; Layer ID Description Thickness
3 1 0SB Sheathing 1.9cm
4 2 1-Layer of XPS 2.5cm
3 Air Gap 6.5 cm
Exterior Interior 4 Gypsum Board 1.3cm

Figure (31) P2X1: Specimens (sections, layers, and thickness)
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EP2X3

1 Exterior Position (EP)

2 Layer ID Description Thickness
3 1 0SB Sheathing 1.9 cm
4 2 2-Layers of PCM 1cm

4 > 3 Air Gap 0.5 cm
x - -

- Exterior Interior 4 3-Layers of XPS 7.5 ¢m
v 5 Gypsum Board 1.3cm
L
=
| IP2X3
org Interior Position (IP)

s 1 Layer ID Description Thickness
:5-} 2 1 0SB Sheathing 1.9 ¢m
S 3 2 3-Layers of XPS 7.5¢cm
© 4
n 5 3 Air Gap 0.5cm
g . . 4 2-Layers of PCM 1cm
© | Exterior Interior

5 Gypsum Board 1.3cm
t~

o NP2X3
~
o . No PCM (NP)

5 Layer ID Description Thickness

3 1 0SB Sheathing 1.9cm

4 2 3-Layers of XPS 7.5cm
3 Air Gap 1.5cm

Figure (32) P2X3 Specimens (sections, layers, and thickness)

In all experiments, the same type of PCM {&sed PCM mat) was used with dager or 2
layers configurations Table 6) lists main properties of the utilized PCM in this stu¢iyhase
Change Energy Solutions 201&)dFigure (33)showsthe twodifferentsides othe PCM. Also,
more detailsabout the PCMhave been included ppendix9.8.
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Table(5)The PCMO0s properties.

ltem Description / Value
Manufacturer Phae Change Energy SolutiongUSA- Asheboro, NC)
Material Name ENRG Blanket Q23Bio-based PCM matSolid/Liquid phases

il Natural vegetable oils and proprietary blend of emulsifiers,
illin
J gelling agents, fatty acids, and their derivatives

Encapsulatiorfthickness) 50 mm (multilayer white polyfilmandfoil)

Melting Point 23°C

Latent Heat Storage Capaci 175250 J/g

Fire Rating Class A
Thermal conductivity 0.20 W/mK
Weight 2.49 kg/m?

Figure (33) The two different sides of the utilized PCM
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5.3 PILOT STUDIES AND | NITIAL RESULTS

In the early stage of the research, several initial experiments and pilot studies were conducted to
ensure that all sensors were properly placed, and the setup of the experiments was well designed

to achieve the required objectivadie first set of experiments were conducted under controlled
conditions for a set running time for a heating and cooling process of three hours each. The
experiments were set for positioning PCM in the exterior cavity of the specimen to see how the
PCM reated during cold and hot periods. The results of these experiments showed the changing

of the PCMO6s temperature, but they did not t ak
of the material. The change in latent heat was very minimal and tiledRInot reach its steady

state condition in either periods as showkigure (34)

EP - 3 Hours per Period

50

Temperature (°C)

Time (hr)

——EP-ti EP-ts,i EP-tins ——EP-tpcm,e ——EP-tpcm,i —EP-te —EP-ts,e

Figure (34) Initial result of threehour period test

During the mext stage, the setup of the experiment was prepared for the same specimen with the
same controlled conditions, but the set running time for heating and cooling process was based on

asix-hour test for each period (cold and warm). This set of experiments showed an improvement
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in the results regarding the charging and discharging process, although the PCM still did not reach
the steady state condition in either periods as showigure (35)

EP - 6 Hours per Period

50
45

40

\
N
35
30
25

16 17 18 19 20 21 22 23 O 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Time (hr)

Temperature (°C)

——EP-ti EP-ts,i EP-tins ——EP-tpcm,e ——EP-tpcm,i —EP-te —EP-ts,e

Figure (35) Initial result ofsix-hour period test

When the time of each period was increased by three hours, the results of the experiment improved.
Overall, the change of PCM temperatures (latent heaBnbeaenore noticeable in the hot period,

but the change was less in cold period. Therefore, additional tests were conducted by adding six
hours for each period to reach 24 hours for the test éydtesuding 12 hours for the cold period

and 12 hours for thearm period. The experiments with 24 hours of testing time were carried out
under the same controlled conditions with each specimen. The results of these experiments show
the change of PCM temperatures (latent heat) in both periods. Moreover, the staady st
temperature of the PCM was briefly reached in both periods, with better conditions in warm period
as shown irFigure (36)
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EP - 12 Hours per Period
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Figure (36) Initial result of12-hour period test

After increasing the testing time of the experimeatsetich 24 hours in total, a significant change
occurred for the exterior surface temperature. When the experiments were conducted during the
heating process, an increased heat transfer at the exterior surfaces was detected, where surface
temperatures exeeed the recorded exterior air temperatures that were controlled by the thermal
sensors of the switching device. The increased heat transfer effect occurred because of the
increased radiant heat exchange through the utilization of light bulbs as a keatitgy which in

turn had an impact on the temperature of the external surfgcef(the specimen. This effect was
observed across all experiments. More specifically, the effect accrued over time, as more and more
heat was absorbed through radiatioypdssing the conduction and convection exchange through
the air. Figure (37)shows the effect of the radiant heat exchange on the external surface
temperature of the specimen during heating cycles. Therefore, a radiant shield with six miniature
fans was added under the external surfacthenmodified experimental setup to overcome the

effect of the radianée as previously mentioned in the experimental setup section.
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Effects of Radiant on External Surface (EP)

w© Effects of Radiant on External Surface (IP)
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Figure (37) Effect of the radiant heat exchange observed at external surfdee

experiments

5.4 METHODOLOGY OF EXPERIMENTS

The experimentaktrategiesisedthe desired operating spointsfor the boundary of the tests and
operative temperatute charge and discharge the P@WMingwarm and cold period3heoverall
data vasdirectly recorded foranalysis The relations betweethe heatingcooling process and

PCM behaviors in different positions have beealyzed.

5.4.1 EXPERIMENTAL PROCEDURE

The objective of this study was to experimentally evaluate the impact of different quantities and
positions of a PCM within the building encloswre thermal performance. The study employed

the same experiment with three different specimens for each type of test configuration to assess
the impact of different PCM treatments. The three main specimens in each configuration have been

explainedin aprevioussection

Each experiment was conducted for 72 hours with three cycles of 12 hours of cooling and 12 hours

of heating each. Each experiment started with a cold period by turning on the freezer for 12 hours
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to make sure that the PCébdmpletelyreachedhe solidifying phase. Then, the warm phase was
initiated by turning on three light bulbs within the chest freezer to reach and maintain the hot
climate setpoint for 12 hours. The-h8ur cycle was selected to achies@mpletemelting and
freezing phasesfahe PCMthrough each cycle.

The experimentsncluded monitoring how PCMs behavenderdifferent climate conditionand

study their ability to redue@ air temperature fluctuationr interior spacesThe comparison
between a normal wall and PCM wall was carried out in an enclosed systemithin one
dimensional measuremenBefore starting the experiments, calibration tests were conducted to
assure the sensors had identical temperature readings. Wésbptindary(te and t) for each
position test (i.e., EP, IP, and NP were recorded and monitored to verify that the recorded

temperatures durindpewarm and cold periodsere identical.

The controlled setpoint temperatures for the exterior climate were based on the maintained interior
laboratoryroom tempeature Exterior temperatures were held at°4sfor the hot periods and at

0 °C for the cold periods, while the set point of the room temperature was kept b2tnz2AC,

which represents the range of the melting point of the utilized PCM. The recmaiizar
temperatures across all experiments showed less than 2 °C of fluctiagiore (38)shows an
overlay of all recorded interior and exterior temperatures across all the differdwui72
experiment cyclesRelative humility was monitored and recorded, but not considered for the

analysis of this study.
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Boundaries and Room temperature
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NP1X1-te NP1X1-ti EP1X1-te EP1X1-ti IP1X1-te IP1X1-ti
Figure (38) Recorded interior and exterior temperatures during cycles

5.4.2 QUALITY CONTROL OF VARIABLES

As mentioned irthe variablessection the laboratory experiments have two grswf variables. A

guality control process was used for the independent variables. This group includes five variables:
PCM position, PCM quantity, thickness of insulation, heating and cooling time, and exterior and
interior temperatures. These variablesn d@e easily controlled according to their physical
propertie® except for the heating/cooling time and exterior temperatuegsagid interior
temperaturesjt For heating and cooling time, two digital timers were used to ensure that each
test was built o the same duration for cooling and heating during the experiments. FQ) tal(t

(ti) variables, there were three main steps to ensure that the recorded data was within the boundary

conditions of the test. These steps have been applied for the iraedoexterior boundary
conditions as follows:
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First Step:

The () and (f) were recorded for 24 hours to identify the range of the boundary conditions of the
test. This process was carried out for all specimen tests (NP, EP, and IP) and producdts line
that illustrated the range of the boundary conditions with an upper control level (UCL) and a lower
control level (LCL) for the exterior and interior temperatures. The outcome of this step was
presented in an overlapped diagram to ensure the tetueavere compared during the same

period.Figure (39)shows a line chart to illustrate the boundary gfdtiring the tests, arfeigure
(40) shows the control of thej(tboundary during theests

Quality Control of Variables (te)
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Figure (39) Control of exteriotemperature
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Quality Control of Variables (ti)
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Figure (40) Control ofinteriortemperature
SecondStep:

After identifying the range of the boundaries, the experiment was conducted over the course of
three days to verify the upper and lower level of the extand interior temperatures. The average
temperatures for the three days was calculated and presented for each specimen test (NP, EP, and
IP). The outcomes of this step show the comparisons between temperatures during the experiments
for the exterior andnterior boundariesFigure (41)shows the average line of the exterior

temperatures during the test of each specimen. For the interior temperature, the same process was
followed, and the outcomes are showrrigure (42)
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Quality Control of Variables (AVG-te)
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Figure (41) Control of exterior temperatuieAVG of 3 days

Quality Control of Variables (AVG-ti) of 3 days
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Figure (42) Control ofinterior temperaturé AVG of 3 days
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Third Step:

Theaverage line of the recorded data for eachwiassimplified by using a walkg averagdine
for therequired dataA smoothing linevasused to reduce the fuzzy lines of the time frame. The
following equationwasused for this step

(O3 OF

Ga p

Where:

t €é temperature

thr €é recorded (t) at n

tha €é aveat(®gmen

m € € r a n gpeint @gmeang smoothing)

n eé time slot of measured point
r eé recorded t

a €é average

By using this equation, the smoothing of the average line of each temperaaune tffthas been
presented to verify the bouaiy of the specimen testsSigure (43)shows the smoothing line of

the exterior temperaturafter one hour of testingndFigure (44)shows the smoothing line of the
interior temperaturafter one hour of testinght the end of this step, the rangieeach boundary

was determined to control the outcomes of the exterior and interior temperature readings as
independent variables for all experimenttese steps have been followed forealberimentso

ensure the temperatures were comparete sameangeduring the same period.
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Quality Control of Variables (ti) - Walking Average Line
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5.5 ANALYSIS METHODS

The analysis of the experimental results focused on the impact of PCMs in different quandities
positions in terms of thermal comfort and load shifting time during heating and cpodiogsses.

Four main configurations of the tested specimens were analyzed regarding PCM quantity. These
configurations are P1X1, P1X3, P2X1, and B2¥ong with NR EP, and IP to test positioning.

For each configuration, the analyses were performed in three stages:

1) Differential result patterns ¢1CMsin different positions
2) Analysis of impact of PCM positioning on thermal comfartd

3) Analysis of impact bPCM positioning orload shifting time.

5.5.1 DIFFERENTIAL RESULT PATTERNS OF PCMS IN DIFFERENT POSITIONS

In thefirst analysis stage, a quantitative comparison of temperatures over time was carried out to
identify areas of difference for further investigatamd discussionThe experimental results were
cleaned and thgmresentedh graphical form. A comparatiwiscusgon of temperature dat@uring

the hot and cold phases for eacRCM positionwas conducted with different numbers of PCM

layers and differenticknesses of insulation.

After capturing objective data, a reviefa threeday period was conducted. However, the first
cold and hot temperature periods were less practical for evalda®nhey are considered as a
Aswii m@® phase amobfbaundaty eonditions Gor detiled analytical evaluations,
only the cold and hot temperature periods on tHeu2d 39 day were reviewed (hours Z2) and
themore identical onevasevaluated accordinglyt the end of this stage, an analysis ofithpact

of PCM positioning(EP, IP, and NPn terms ofthermalcomfort andshifting load shifting time

was undertaken.

5.5.2 ANALYSIS OF | MPACT OF PCM POSITIONING ON THERMAL COMFORT

The second analysis stage focused on evaluating the impact of PCM pmgitanthermal

comfort byobsening and analyzing differences surface temperatureds surface temperatures

are critical indicators for thermal human comfort, this analysis developed a metric (@omméatt

Degree MinutegCDM) that integraesthe differencebetweenroom temperature s@bintsand

recorded surface temperatures against a temperature threshold (replicating the thermostat reaction

range) for each PCM position. This metric (included below for reference) was previously
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explained in detail in theestion on evaluation criteria to characterizea PCM& influenceon
thermalcomfort This evaluation usds/o equationsl) for cold comfort degree minutes (CCDM)

and 2) for hot comfort degree minutes (HCDM3 follow:

A

H#S - & O i AEIAAGE O

06 00 0 0 YA QEBHOOF 0

When utilizing these equations for the analydig, $mallest number of the results represents the
closest to the threshold of tassessment and means #apecimen performed better in terms of

thermal comfort

5.5.3 ANALYSIS OF | MPACT OF PCM POSITIONING ON LOAD SHIFTING TIME

The third analysis stage investigated the impact of PCM positions on peak load shifting. This
analysis was basexh the comparison of the crossover points of temperatures when changing from
cold to warm phases and vice versa during the different experimental cycles. The recorded time
was considered an indicator for the amount of ge@l shifing that could be achied for a given
assembly. The underlying assumption is that any capacity to capture internal thermal loads during
heating or coolingprocesseand shifting them to ofpeak time could contribute to energy savings,
either through short term changes in climdoundary conditions at the shifted time (e.g., use of
economizers), or alternative grid demand and generation cost. The analysis usturaticl
andgraphical assessment method through scaled result diagrams to evalutiitihef latent
heatstorage in different positions to shift peak loads to off time perioddaddcuss notable

savings potential.

The interior surface temperature used in all experiments to indicate the differences between PCM
positions on energy savings by using a mdtidoad shifting time (LST). This metric (included
below for reference) was explained in detail earlier in the sectioevaluation criteria to

characterizea P C M inuence orenergysavings

, 34 4 4 atERsj and ER: = Tavg ts,i
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6 RESULTS AND DISCUSSION

Overall, the results of the experiments confirmed the latent changes by analyzing the delay in
temperature changes of the specimen proifilesfferent positionsvith varying numbersf layers

that were expected when utilizing PCMs in comparison to no insulation. In this section, the result

and discussion for the configurations P1X1, P1X3, P2X1, and P2Xadivedually discussed.

The discussion for each configuration is based omptleiously described stages. At the end of

this section, a comparison between results of these configurations will be shown to demonstrate

the impact of PCM positioning on thermal comfort and load shifting time.

6.1 FINDINGS OF P1X1 CONFIGURATION : 1 LAYER OF PCM AND 1 LAYER OF XPS
6.1.1 P1X1: DIFFERENTIAL RESULT PATTERNS OF PCMS IN DIFFERENT POSITIONS

There were several observations made in the first analysis stage that utilized graphical methods for

a comparison of the recorded results. A graphic overlay of allrexgets confirmed that the
results showed reasonable repeatability of t h:
solidifying and melting phases with consistent performance in each cycle. Similarly, the PCM

specimens showed the same behavioeunepeated tests.

In terms of temperature differences over time, it was observed that when the PCM was placed on
the exterior side of the cavity (EP), the temperature differences between the inteipra(td

exterior (bem,d Side of the PCM were me pronounced than when placed on the interior side (IP)

of the cavity) especially during the coolingrocessesFor the EP experiments, the melting and
freezingprocessare clearly visible when the temperature difference widens and becomes larger

thanthest andar d proportional difference of the ma

Furthermore, when the PCM was utilized in the exterior position (EP) of the wall, it reacted faster
and reached its steady state in both cycles in ardunudirs and 20 minuteb contast, when the

PCM was utilized in the interior position (IP), it reached a steady state condition in each phase
after 46 hours. In both positions, the PCM activated its thermal storage capacity, but its
performance during the freezing phase was slighgtyer than its performance during the melting
cycle Also, the temperature difference betwégm eand pem,iin EP was similar to IFzigure (45)

shows the emparison of PCMbehaviorduring exterior (EP) and interior (Ileavity placemenin

P1X1 configuration

88



P1X1:

PCM Behavior in Exterior (EP) and Interior (IP) positions
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Figure (45) P1X1: Comparison ofemperatureshowing PCMactivation during

exterior (EP) andnterior (IP)cavity placement

6.1.2 P1X1: ANALYSIS OF PCM POSITIONING | MPACT ON THERMAL COMFORT

This stage of the study analyzed theasured temperatures of the experiments in terms of their
effect on thermal comfort. For this evaluation, measured interior surface temperatures were
utilized as contributing metrics towards broader comfort consideratitigare (46)shows a
comparative distribution of the measured surface temperatures of all specimen types for 3 days.
The findings of day 2 was inconclusive, so day 2 was excluded from the analysis of this
configuration.Day 3 was selected for the analysis nce t he results for al

werewithin theboundary condition of interior temperature
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P1X1

Interior surface temperatures (ts,i) for the different wall specimens and positions
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Figure (46) P1X1:Interior surfacdemperaturefts;) for all wall specimen

The impact on comfort was assessed through calculating a specific mdti@ghdeveloped for
this study and terme@omfort Degree Minute§CDM), as it captures temperature differences
between interior surface temperatutg) (and its offset from the interior setpoint or threshold
temperature. The CDM metric was used to deieenboth cooling comfort degree minutes
(CCDM) and heating comfort degree minutes (HCDMyure (47)andFigure (48)illustrate this

method graphically, where the area betwkgand the cubff threshold temperature represents
the CDM value.

The thermal comfort has been calculated for the peldodas shown inTable @) andfor the

warm periodas showrn Table ). The CDM for the differenspecimens during both cold and

warmperiodswere calculated for day 3 as follows:
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Temperature (°C)

Table (6) P1X1: CCDM when switching to a cold climate

P1X1: Cooling Comfort Degree Minutes (CCDM)

215

21

20

Day 3 NP EP IP
CCDM i 22.5 1652 1130 856
P1X1 - Interior Surface Temperatures
Cold Period
e T S
|
[0 NP1X1-ts,i
D EP1X1-ts,i
O IP1X1-ts,i
L Threshold Temperature (22.5)
tme 0T
Figure (47) P1X1: Visualization ssessmeraf CDM-cold period
Table (7) P1X1: HCDM when switching to a hot climate
P1X1: Heating Comfort Degree Minutes (HCDM)
Day 3 NP EP IP
HCDM i1 22.5 1123 807 386
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P1X1 - Interior Surface Temperatures
Warm Period

25

DO NP1X1-ts,i
D EP1X1-ts,i
IP1X1-ts,i
L Threshold Temperature (22.5)

Temperature (°C)

Figure (48) P1X1: Visualization ssessmeraf CDM-warmperiod

The results of these assessments illustrate that specimen NP shows the largest number of CDM.
Specimen IP shows the smallest number of CDM, with specimen EP in the middle for both periods
for cold and hot climate The smallest numbeepresent the closest to the threshold of the
assessment. While a difference was observed between the two PCM positions EP and IP, a more
notable difference can be observed for the specimen without PCM (NP). For instahog, i
climates, the specimen IP wv&loser than EP to the threshokhese results indicate a slight
advantage for PCMs in the interior position of the cavity ia tbnfiguration(P1X11-layer of

PCM and llayer of XPS)

6.1.3 P1X1: ANALYSIS OF PCM POSITIONING | MPACT ON LOAD SHIFTING TIME

This stage investigated the impact of PCM positions on peak load shiftiedLST) Moreover,
the LTS metric has been used to calculate load shifting time in this res€hedssessmeruf
LST depend on the crossing time between the exterior temperasnrck the interiorsurface
temperature@ndthe average surface temperatures of all positidheotpecimes A comparative

analysisof the P1X1 configuration has been used to demonstraedfdets of different positions
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of PCM, different amoustof PCM, anl different thicknesss of XPS integrated with PCM on
thermal performancem building enclosures

Figure (49)xshowsthe load shifting time adill specimenshatwereused in the P1X1 configuration

with the exterior temperatul&) andFigure (50)shows the range ofiterior surface tengrature

(ts,) for wall specimes. EP and IP specimens show significant lag times when shifting from the
warm to cold exterior climate periodas previously mentined, when switching tthe warm

period, the effect becomes less visible and the differences are less pronounced between the two
PCM positions. In both scenarios it can be observed hovethperatures of the interior surface

(ts,) stars merging again athe phase change effect wanes off.

P1X1 - Load Shifting Time (LST)

S
@

B
S

LST of IP

w
&

LST of EP,

Cold Period LST of NP

30
—_
%’25
]
2
>
+ 20
I
[}
g‘ LST of NP

15
L

10 LST of EP

Warm Period

5 LSTof IP

0

5

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 O

Time (hr)
NP1X1-ts,i EP1X1-ts,i IP1X1-ts,i =——Evaluated Day Avg. ts,i Exterior Temperature (te)

Figure (49) P1X1: Load shifting time with exterior temperaturg. (t
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P1X1 - Load Shifting Time (LST)
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Figure (50) P1X1: Load shifting timéthe range ofrterior surface tengrature

(ts,) for wall specimes).

Figure (51)illustrates the load shifting timiea hoursfor all specimens in the P1X1 configuration.

The shifting time has been calculated from the crossing time between exterior temperature and the
average temperature tfe interior surface for the tke specimens. However, the IP specimen
achieved a slightly bigger lag of almost 4 hours, while the spedmieR position only achieved

around 2 hours and 20 minuteshe warm period.
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Figure (51) P1X1: Load shifting time icold andwarmperiods

6.2 FINDINGS O FP1X3 CONFIGURATION : 1 LAYER OF PCM AND 3 LAYERS OF XPS

6.2.1 P1X3: DIFFERENTIAL RESULT PATTERNS OF PCMS IN DIFFERENT POSITIONS

By using graphical methode compare the e cor d e d

resul t s,

sever al

behavior in EP and IP positionincan & made Experiments confirmed that the results show

reasonabl e

repeatability of

t he

melting phases with consistent performance in each cycle.

PCMO s

behavi

During experimental time, when the PCM wascpld on the exterior side of the cavity (EP), a

super cooling occurred after 4 hours of cooling time. Also, the charging time was longer on the

cooling time for the same specimen. The temperature differences between the (iptgjjcand

exterior (beme) Side of the PCM were similar for both positionsriarmandcold periods. In both

positions, the PCM activated its thermal storage capacity, but its performance during the melting

phase was slightly better overall than its performance during the cqolimgss as shown in

Figure 62).
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P1X3:
PCM Behavior in Exterior (EP) and Interior (IP) positions
45
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Figure (52) P1X3: Comparison ofemperatureshowing PCMactivation during

exterior (EP) andnterior (IP)cavity placement

6.2.2 P1X3: ANALYSIS OF PCM POSITIONING | MPACT ON THERMAL COMFORT

For this configuration, the study analyzed the measured tamopes of the experiments in terms
of their effect on thermal comfort. Like what has been dfmmethe previous configuration,
measuring interior surface temperatures was utilized as contributing metnctutive comfort
considerations in this analysiBigure (53)shows a comparative distribution of the measured
surface temperatures of all specimen types for 3 ddnesfindings of day 2 was inconclusive, but

day 3 was more i dent i candtherefore wasdletted fopteecamnase ns 6 p
of this configuration.
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P1X3

Interior surface temperatures (ts,i) for the different wall specimens and positions
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Figure (53) P1X3:Interior surfacdemperaturefts;) for all wall specimer

The analysis of thermal comfort of this configuration used the same steps of the previous
configuration. The impact on comfort was assessed through cailgutae CDM metric.The
following figuresillustrate the graphically findings for this configuration. The thermal comfort has
been calculated for coldimateas shown ifTable @) andFigure (54)andhot climateis shown

in Table @) andFigure (55) The comfort degree minutes for the different specimen in both cold
and warm phases were calculated for day 3 as follows:

Table (8) P1X3: CCDM when switching to a cold climate

P1X3: Cooling Comfort Degree Minutes (CCDM)
Day 3 NP EP IP
CCDM i 22.5 1013 724 714
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Figure (54) P1X3: Visualization ssessmeraf CDM-cold period

Table (9) P1X3: HCDM when switching to a hot climate

P1X3: Heating Comfort Degree Minutes (HCDM)

Day 3 NP EP IP

HCDM 1 22.5 440 0 122
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P1X3 - Interior Surface Temperatures
Warm Period
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Figure (55) P1X3: Visualization ssessmeraf CDM-warmperiod

The results of these assessments illustrate that specimen NP shows thenlamdpestof CDM

during both periods. For the cold perjdeP and IP were close to each other, although the IP
performed better for thermal comfort from the beginning of the period and was closer to the
threshold. During the cold period, the EP specimen sddie smallest number of CDM, followed

by specimen IP in both cycles for cold and hot climafée smallest number represent the closest

to the threshold for the assessment. During the copliogesseghe EP specimen did not exceed

the threshold andayed within the range of the cooling refence point and threshold. A difference
was observed between the two PCM positions EP and IP, while again a more notable difference
can be observed for the specimen without PCM (NP). These results indicate adstgitage for

PCMs in the interior position of the cavity in hot climates and a significant advantage for PCMs

in the exterior position of the cavity in cold climate of the P1X3 configurdtieiayer of PCM
and 3layers of XPS).
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6.2.3 P1X3: ANALYSIS OF PCM POSITIONING | MPACT ON LOAD SHIFTING TIME

This stage investigated the impact of PCM positions on peak load shiftinghe P1X3
configuration.In this configuration, thessessmermf LST used the same strategy that was used
in the previous configuration. By mg the LTS metric, the calculation of load shifting tican

be shown for acomparative analysidhe results demonstrate thtfects of different positions of
PCM, different amouistof PCM, and different thickness of XPS integrated with PCM on
thermalperformancen building enclosured-or this configuration (P1X3kigure (56)andFigure

(57) show all specimens that were used and indicate their effects on load shifting.

In thecold period, te effects of the EP specimen on Ishidfting is less visible and the there was

only a minor difference between EP and NP specimens. In the same period, the IP specimen
showed more effect on loahifting than EP. However, during the heatipgpcessit was the
reverse. In other words, the EP specimen had a significant impact ashlfiady in contrast with

IP. The difference between IP an NP was less so.

P1X3 - Load Shifting Time (LST)
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Figure (56) P1X3: Load shifting time with exterior temperaturg. (t
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P1X3 - Load Shifting Time (LST)
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Cold Period
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Figure (57) P1X3: Load shifting time (the nge of nterior surface tengrature

(ts,;) for wall specimen).

Figure (58)demonstrates the differences between all specimens with an indication of measured
load shifting time. In theold periods, IP hdalmosta4-hourimpacton loadshifting, but its effect
was less in the heating period. In contrast, EP exhibits the reverse. Its effect smftiagin the
cold period was very minor and had almost the same effect as the NP specimen; however, in the

warmperiod, it hacaneffect of almost 5 hours on shifting load difference from the baseline of the

assessment.
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P1X3 - Cold Period P1X3 - Warm Period
Load Shifting Time (LST) Load Shifting Time (LST)
4:47
3:49
4:00 4:00
3:00 2:24 2:26 3:00 1:59 2:19
2:00 2:00
1:00 1:00
0:00 0:00
Evaluated Day Evaluated Day
NP-LST MEP-LST MIP-LST NP-LST MEP-LST mIP-LST

Figure (58) P1X3: Load shifting time icold andhot periods

6.3 FINDINGS OF P2X1 CONFIGURATION : 2 LAYERS OF PCM AND 1 LAYER OF XPS
6.3.1 P2X1: DIFFERENTIAL RESULT PATTERNS OF PCMS IN DIFFERENT POSITIONS

In the P2X1 configurationthe PCM& &ehavior inthe EP and IP positioningvasrecorded and
graphical methods of comparisoremused tomakeseveral observationgigure (59)shows the

P CMO6 s dredoldandwarmperiods for day 2 and 3he results of the experimemepresent

the effectedchangeof thePCM in EP and IP positiand confirm the reasonable repeatability

of the PCM dehavior during the various solidifying and melting phasesaich cycle with
consistent performancdhe PCM in the EP position hd almost equal time for charging and
discharging during both cycles tife experimentAlso, asuper cooling occurred fahe PCM in

EP after 3 hours of cooling time. The temperaturéedihces betweethe interior {ocm,;) and
exterior (bem,d Side of the PCM were similar for both pasits inwarmandcold periods. In both
positions, the PCM activated its thermal storage capacity, but its performance during the melting

phase was sligly better than its performance during the coolimgcess

Moreover, when the PCM was utilized in the exterior position (EP) of the wall, it reacted and
reached its steady statetie heating periodbut in thecold period it did not. In contrast, whehet
PCM was utilized in the interior position (IP), it did not reach a steady state conditkdtinen

period.
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P2X1:
PCM Behaviorin Exterior (EP) and Interior (IP) positions
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Figure (59) P2X1: Comparison ofemperatureshowing PCMactivation during

exterior (EP) andnterior (IP)cavity placement

6.3.2 P2X1: ANALYSIS OF PCM POSITIONING | MPACT ON THERMAL COMFORT

Similar to theanalyses thatvere carried outfor the previous configurationghe measured
temperatures of the P2X1 configuration have been recorded to analyze the effect of different
positions on thermal comfort. Measugiinterior surface temperatures was utilized with the CDM
metric to makenclusivecomfort considerations in this analysis. A comparative distribution of the
measured surface temperatures of all specimen types for 3 days are shaguran60) When
comparing these days in termshafmogeneoushangesthe (t;) of the specimen without PCM
(NP)in day3 was out of the boundary condition and it was excluded from the analgyi& Was

moreidenticalf or al | s p e c i mantseteforgalestedt far then analyaisnad this
configuration.
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Figure (60) P2X1:Interior surfacdemperaturefts;) for all wall specimen

Table (10) P2X1: CCDM when switclnig to a cold climate.

P2X1: Cooling Comfort Degree Minutes (CCDM)

Day 2 NP EP IP

CCDM 1 22.5 1554 894

505
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0:00

The analysis of thermal comfort of this configuration cusee same steps of the previous
configuration.The impact orthermalcomfort was assessed through calculating the CDM metric.
The graphical findings of this configuration are illustratedrigure (61)for the cold period and

in Figure (62)for thewarm period.Also, the result of the arithmetic calculation for the thermal
comfort forthe cold periodareshown inTable (L0) andthe results of thewarmperiodare shown

in Table (1). The Comfort Degree Minutes for the different specimen in both cold and warm
periodswere calculated for da¥as follows:
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Figure (61) P2X1: Visualization ssessmeraf CDM-cold period

Table (11) P2X1: HCDM when switching to a hot climate.

P2X1: Heating Comfort Degree Minutes (HCDM)

Day 2 NP EP IP

HCDM 1 22.5 1191 353 9
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P2X1 - Interior Surface Temperatures
Warm Period
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Figure (62) P2X1: Visualization ssessmeraf CDM-warmperiod

The results of these assessments illustrate that the NP specimen showed the largest number of
CDM in both periods. For theotd period, the IP specimen performed better for thermal comfort
and the difference between IP and EP specimens is notable. During the cold period, the IP
specimen performed even better, and it was almost within the range of threshold during this entire
period. Moreover, when comparing all specimens, the IP specimen showed the smallest number
of CDM. A minor difference was observed between the two PCM positions EP and IP, while again
a more notable difference can be observed for the specimen without PCM I(NEhis
configuration, the IP specimen performed better than thedeRimen in all climate scenarios.
These results indicate a slight advantage for PCMs in the interior position of the cavity in cold
climate and a significant advantage for PCMs ininberior position of the cavity ivarmclimate

of theP2X1 configuration(2-layers of PCM and-layer of XPS).

6.3.3 P2X1: ANALYSIS OF PCM POSITIONING | MPACT ON LOAD SHIFTING TIME

In this configuration, the effects of PCM positioning on load shifting time aeayzed by

graphical method, and tlessessmendf LST was accomplishetly using the same strategy that
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was used for the previous configuratiofgyure (63)and Figure (64)show the results for all
specimens and indicate their effects on load shifting.

In the cold period, the IP specimen showed more effects on $béting than the EP specimen.
Also, in the same pei o d , the EP specimends effect was
differences between them was only ab@@itminutesIn thewarmperiod, the IP specimen and the

EP specimen had a significant impact on load shifting, but the IP specimen had a lomgyef effe
an additional 50 minutes.

P2X1 - Load Shifting Time (LST)
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Figure (63) P2X1: Load shifting time with exterior temperaturg. (t
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P2X1 - Load Shifting Time (LST)
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Figure (64) P2X1: Load shifting time (the range otérior surface tengrature

(ts,;) for wall specimen).

The LTS metric was used to calculate load shifting tinteerP2X1 configuration arigure (65)
shows the results for@mparative analysig he results demonstrate tikbects ofeach specimen

on load shifting time irtold andwarmperiods. In comparing these results, it candenghat the

IP specimen experienced longer load shifting bidbirs and 15 minutes during the cooling
processbut the effect during the heatipgocessvas less. On the other hand, the EP specimen
showed the reverse effect in both periods. In other wadtrtiad less effect on loahifting time

in the cold period and a significant effect during the heatgcesdy an additional 3 hours and
40 minutes of load shifting time.
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P2X1 - Cold Period P2X1 - Warm Period
Load Shifting Time (LST) Load Shifting Time (LST)
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Figure (65) P2X1: Load shifting time icold andwarmperiods

6.4 FINDINGS OF P2X3 CONFIGURATION : 2 LAYERS OF PCM AND 3 LAYERS OF XPS
6.4.1 P2X3: DIFFERENTIAL RESULT PATTERNS OF PCMS IN DIFFERENT POSITIONS

The analysis of thisconfiguration follows the same steps that were used for the prior
configurations. @aphical methods of comparison weredit makeseveral observatiorfsom
recorded®CM behavioin EP and IP positia Figure (66)shows the PCKé behavior ircoldand
warmperiods for day 2 and Jhe results of the experimentepented the changes in PCMire

EP and IP position and confirmed the reasonable repeatability of thed Rektvior during
several solidifyng and melting phases in each cycle with consistent perfornmieimeBCM inthe

EP positionexperiencedalmost equal time for charging and discharging during both cycles of
experimers. Also, asuper cooling occurred fohe PCM in EP after 3 hours of cand) time. The
temperature differences betwe@e interior (ocm,) and exterior gem,d side of the PCMn the EP

positionwerelarger than the differences in the IP position.

Furthermore, when the PCM was utilized in the exterior position (EP), iecetedter and reached

its steady state ithe warm periodonly. In contrast, when the PCM was utilized in the interior
position (IP), it reached a steady state condition in each phase -dfteols.In both positions,

the PCM activated its thermal stoeagapacity, but its performance during the melting phase was
slightly better than its performance during ttwdd period For the EP experiments, the melting

and freezing periods are clearly visible when the temperature difference widens and becomes

largert han t he standard proportional di fference
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P2X3:
PCM Behaviorin Exterior (EP) and Interior (IP) positions
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Figure (66) P2X3: Comparison ofemperatureshowing PCMactivation during

exterior (EP) andnterior (IP)cavity placement

6.4.2 P2X3: ANALYSIS OF PCM POSITIONING | MPACT ON THERMAL COMFORT

For the P2X3 configuration, tlealysedollow the same steps as thievious configurationslhe
measured temperatures of this configuration have been recorded to analyze the effect of different

positions on thermal comfort. Measuring interior suefe@mperatures was utilized with the CDM
metric forinclusivecomfort considerations.

A comparative distribution of the measured surface temperatures of all specimefotypdays

in different positions are shown iRigure (67) When comparing these days in terms of
homogeneoushanges, in day,4t) was out of the rangduring IP testso day 2 was excluded

from the analysisAlso, day3was mor e identical f o was thérdfores pec i r
selected for the atysis of this configuration.

110



P2X3

Interior surface temperatures (ts,i) for the different wall specimens and positions
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Figure (67) P2X3:Interior surfacdemperaturefts;) for all wall specimer

The analysis of thermal comfofor this configuration usik the same stepas the previous
configuratiors. The impact orthermalcomfort was assessed dugh calculating the CDM metric.
The graphical findings of this configuration are illustratedrigure (68)for the cold period and
Figure (69)for the warm period. Also, the resuk of the arithmetic calculation for the thermal
comfortduring thecold periodareshown inTable (L2) andthe results of the warm periauTable
(13). As the day 3 results were more similar between all specimea&DM for the different

specimesin both cold and warmeriodwere calculated for da¥as follows:

Table (12) P2X3: CCDM when switching to a cold climate.

P2X3: Cooling Comfort Degree Minutes (CCDM)
Day 3 NP EP IP
CCDM i 22.5 970 551 556
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P2X3 - Interior Surface Temperatures
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Figure (68) P2X3: Visualization ssessmentf CDM-cold period

Table (13) P2X3: HCDM when switching to a hot climate.

P2X3: Heating Comfort Degree Minutes (HCDM)

Day 3 NP EP IP

HCDM 1 22.5 406 200 144

Figure (69) P2X3: Visualizatio assessmeraf CDM-warmperiod
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